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Abstract: Natural ventilation, a readily available natuedource, should be better utilized for integratimgconcept of sustainability in our

built environment. Obviously, the clearance amongdings is a crucial factor affecting the natuvehtilation performance. This paper
attempts to reveal the ventilation behaviour inanrigeometry of different building spacing. Largekedimulations (LES) were performed

with the one-equation subgrid-scale (SGS) modettferunresolved turbulent kinetic energy. ThreenBvseparated two-dimensional (2D)

hypothetical buildings were aligned in the streassadirection that made up the computational dom@inss-ventilation was enabled by
opening up the lower halves of the windward andvéed facades. The Reynolds number was prescribatband 50,000 to ensure fully

developed turbulent flow. The sensitivity of thentitation rate and the flow pattern in and arouhe buildings to building separation was
examined. Fresh air entrainment from the shear lalgdt was significantly suppressed when the bgdseparation was small. Reversed
flow and recirculations were dominated near theigdoand within the building envelope. Changes @ftbw pattern, such as the positions,
the sizes and the intensities of the recirculatiomsre observed with increasing separation. Theribation of turbulence to the total

ventilation rate differed by various extents. Wiilea separation approached 1.5 times the buildinghhehe mean ventilation flux across
the building envelope dropped to almost zero wihigeturbulent flux dominated the ventilation.

Key words: Building interference, Computational fluid dynami@FD), Cross ventilation, Large-eddy simulationatbtal ventilation,
Urban geometry

INTRODUCTION

Unlike mechanical ventilation, natural ventilatiofiers a number of advantages such as lower powsts @and greater health
conditions, etc. (Martin and Fitzsimmons 2000, Emiafeet al. 2001). The natural ventilation behaviour in theltnggions
is hard to determine because of the substantial fimodification by buildings. Within a street canyahe voids are
susceptible in trapping ground-level pollutants aogpressing air exchange above the canopy layer.(I®88) identified
the changes in airflow patterns in the 2D voidswiéspect to the building-height-to-separation éagpratio { /W), which
are grouped into three categories. Similarly, Chamng) Meroney (2003) studied the airflow and pollttzancentrations in
street canyons of different aspect ratios usingp bahd tunnel and computational fluid dynamics (CRB3ults. Liuet al.
(2005) evaluated the air exchange rate using LE3iné with other studies, it was found that the eichange was more
active at smaller aspect ratios. A vast amounttoflies emphasizing the pollutant dispersion behasgian the three
characteristic flow regimes have been reportedwlses (Crowther and Hassan 2002, Yahgl.2007, Caiet al.2008).

The aforementioned papers consistently found that dutdoor environment responds differently to aasi building
separations. The cross-ventilation through an indgace was therefore expected to change accoydiHgwever, the
research effort dedicated to that area is surgfiigismall. Only a handful of papers, such as Syand Hunt (2008) and
Cheung and Liu (2009), have been conducted to stheyeffects of separation on buoyancy- and windedricross
ventilation. These papers hinted a need to exiove building natural ventilation is affected by thatdoor environment.

Since the 1980s, comparisons of CFD results withsomeanents have proved the superior accuracy of (Sa&amoto and
Matsuo 1980, Katet al. 2002). Chenget al. (2003) demonstrated the outstanding performandeE&F in calculating the
flow features, the mean velocities, and the Reynsirssses. LES also capture well the transientachexistics of the flow
variables that are particularly useful if the tudmi parts of the studied parameters are importastsuch, LES was
employed in this paper to address the ventilatieriopmance of low-rise buildings within street cang of various aspect
ratios.

MATHEMATICAL MODEL
LES with the one-equation SGS TKE model igp, (Schumann 1975) was applied. The filtered contyneind Navier-
Stokes equations were solved. An additional eqoatias included to calculate the conservation of2368 TKE.
0 0 — 0 0 —2
gsgs +a_(ui ksgs) :_(Veff kSg ) + ngsS (ksgs)3/2/A (1)

t X 0X; 0X;
The variables with overlines are the filtered qite® v.;; and vy, are, respectively, the effective and subgrid-scale
viscosity. A is the filter width ands = 0.5(d11,/dx; + 01,/ dx;) is the resolved strain rate tensor. The govereipgations
were solved by the finite volume method (FVM). T8econd-order accurate backward differencing scheasemployed
for the time derivative. The second-order accucatgral differencing scheme, which is more accuttaé® the lower-order

upwind scheme (Zhang and Chen 2000, Dexteal. 2004) for LES applications, in conjunction with Gaian discretization
was used for the spatial derivatives. All simulatiavere performed using the open-source CFD codafipgM (2010).

LES MODEL VALIDATION

Our preliminary results using a LES with the stadd@magorinsky SGS model suffered from deviationthe predicted
sizes and locations of characteristic flow featurempared with the wind tunnel measurements. Soreeiqus studies
noticed the deficiency of the standard SmagorinSi85 model, and commented that the uniform Smadgrinsenstant
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throughout the whole domain is prone to the aforgioeed error (Davidson and Nielson 1996, Jiang @hén 2001).
Therefore, in this paper, the one-equation SGS hfodé,, was adopted. A quantitative comparison on théoairinside
and around a cross-ventilated cubic building (Jiaingl. 2003) is reported below. The CFD domain sizadl X 6H X 4H
(length x width x height). Random perturbations P4l were introduced into the mean velocity profile axtificial
turbulence. The streamwise and vertical velocitiemg five profiles on the selected vertical z) centre-plane were
compared (Figurel).
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Figure 1. Vertical profiles of (&)1)/Uyer (b) (W)/Uses (C) (W't /2 /U, (d) (w"w"y1/2 /U, at different locations on the vertical ¢ z)

centreplane (Solid lines: LES; red dotted lines: ¢ turbulence model; black dots: wind tunnel resfitisn Jianget al.2003)
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Figures la and 1b compare the mean streamigg¢l..r) and vertical (w)/U,.f) velocities obtained from the current
LES, our previousk — ¢ turbulence model, and the measurement (J&rg. 2003). The basic characteristics, such as the
separation and the flow through the buildings, wauecessfully calculated. Except near the roof eterslight under-
prediction was observed, the performance of LES asagrtained. The difference could be caused bgehesitivity of LES
to the spatial resolution. The LES also outperfaintiee k — ¢ model in predictingv, especially inside and above the
building model. The fluctuating streamwiseéu't.")*/2/U,.;) and vertical ('w"'/?/U,.;) velocity components both
demonstrated good agreements with the experimefattal (Figures 1c and 1d). The under-prediction rapst of the
building was caused by the dissimilarity in turlnde activation at the inflow. Otherwise, the stténgnd distribution of
turbulence were compared reasonably well in theexgental observations. A high level of turbulenees observed within
and behind the roof recirculation and at the dewel. The profiles of fluctuating velocity from tite— ¢ turbulence model
were calculated by assuming anisotropic turbuleridee characteristic of over-estimated turbulenoeellearound the
windward facade was diminished in the LES. The s distribution on the facades proves that th& k&sults were
comparable to the wind tunnel measurements (Figure
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Figure 2. Mean pressure coefficigiton the facades (Solid lines:

LES; black dots: wind tunnel results from Jiatgl. 2003) Figure 3. The computational domain

COMPUTATIONAL DOMAIN

In our natural ventilation study, the computatiodamain was composed of three 2D hypothetical sgbaildings of size
H x H (width x height) mounted on the floor and sepataggenly at distanc® (Figure 3). The lower halves of the
windward and leeward walls were opened facilitatingss-ventilation across the buildings. A totalfafir aspect ratios,
H/W =1,0.67,0.5 and0.25, were examined. The domain geometry was homogenahge spanwise direction, spanning a
length of3H. The height of the computational domain meas@iédThe domain was discretized by structural mesh&s i
four to six million cells, depending d. The finest meshes of length sc@l@08H were located near the openings.
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The streamwise and spanwise directions were asstorteel periodic for momentum. Neumann conditionsewesed at the
top boundary. The ground and all the walls weres@ibed with no-slip boundary conditions. A pressgradient terngP)
was applied to the filtered momentum equation,ifgyc¢he movement of air in the streamwise direciiothe shear layer
above the roof-level (fror¥ to 5H). The Reynolds number at the roof-level was kegiratind 50,000. The calculated flow
variables were normalized by the correspondingreefee values taken Zt= 1.2H. The simulations are currently still in
progress. In the following section, only the avaligapreliminary results are reported.

DISCUSSION OF RESULTS

Starting from the largest aspect rafig, = 1, the ensemble average streamwi@®AU,.r) and spanwise(@)/U,r)
velocities together with streamline analysis amvwshin Figures 4 and 5 respectively. At the roeklethe flow in the shear
layer gave rise to a roof-level streamwise velooityround0.35U,..; that impinged on the windward facade then directed
downward. The air tended to flow towards the le@side of the upwind building, forming a large dagse recirculation
occupying most space of the street canyon. Thiscréation induced a negativt) near the ground level. From= 0

t0 0.6H, (u) ranged from 0 te-0.1U,.¢. The negative streamwise flow is also dominateitimthe building from the ground
to Z = 0.7H. The buildings were thus ventilated by the rewé@ieflow entering from the leeward openings. laiso worth
mentioning that the air velocity was rather lowadods (within0.15U,..¢). Figures 6 and 7 depict the velocity fluctuations
Similar to the mean flow properties,"u")!/2/U,,; is elevated in the shear layer close to the reedll whereas the maxima
of (ww"?/2/U,,, occurred near the windward fagade. The fluctuatimese stronger at the leeward opening that were
promoted to aboul.1U,., that was comparable to the respective resolved malaes.

-0.3-01 01 03 05 07 09 11 13 1.5 1.7 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 015 0.20 0.25
T T T T T

Figure 4. Mean streamwise velocityif/U,.;) atH /W = 1 Figure 5. Mean vertical velocityif)/U,.r) atH/W =1
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Figure 6. Streamwise fluctuation@ (u")/2/U,,;) atH/W = 1 Figure 7. Vertical fluctuationg"w"y/2 /U, ;) atH/W = 1

As the separation was enlargedsioy = 0.5, the ventilation mechanism changed significantighvair ventilating the
building in the positive streamwise direction (Figs!8 and 9). The large recirculation in the canstilhpersisted, covering
a streamwise distance of abdw5H. Next to the windward facade, the downward flow wstsengthened to
around-0.55U,¢, entraining down to the ground level. Part of thew recirculated forming the aforementioned
recirculation, while the remaining penetrated thadward opening and exited through the leeward cheracterising a
typical cross-ventilation configuration. This cresmtilation led to the formation of an anti-cloak® recirculation inside
the building. The indoor velocities were generailier 0.1U,..¢, going as high a&5U,..; near the ground, hinting a more
complete air mixing than the previous caseH AV = 1. After exiting from the leeward opening, the aasicarried upward
to the roof level arriving the windward end of tlaege clockwise recirculation. Similar to the cased /W = 1, stronger
fluctuations occurred at the roof-level and arothrelwindward fagade (Figure 10). The amplitude alas larger for a wider
separation; for exampléw"w")!/? reached0.2U,., at the windward opening (Figure 11), compared wittly 0.05U,f
atH/W = 1. This suggested a more active exchange of aiaandre effective pollutant removal as well.

Figures 12 to 15 illustrate the mean and turbybants of the airflow at the two openings. It isatlg observed that both the
magnitudes of mean flow and fluctuations were senadt H/W = 1 that was in line with our general perception on the
effect of high aspect ratio. Furthermore, whenabpect ratio was large;'u")'/? and(w"w"/2 were generally higher than
their (m) and(w) counterparts. For instance, at the leeward opetiregaveragetuu"y/?/U,,, and(w"w")/2/U,,. were up

to 115% and 153% respectively. The fluctuating pars less dominant & /W = 0.5 with reducedu'u")/? (= 101%)and
(w'w")/2 (=69%) accordingly. It is believed that the contribatfrom mean flow overrides that from turbulence
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Figure 8. Streamwise velocityi()/U,.) atH/W = 0.5
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Figure 10. Streamwise fluctuatioris (u")'/2 /U, ) atH/W = 0.5

‘Windward Opening Windward Opening
0.5 0.5 =
—aW=1 B —HAW-1
---HW =05 N - HW=05
04 - 0.4
\
03 1 L 0.3 1
3 ': S .=
0.2 1 i 0.2 1 :'
/ /
01 0.1 - {
0 — 0 LI
-0.2 0 0.2 0.4 0 0.1 0.2 0.3
<u>/U (u"'u")* U,

Figure 12(@)/U,.; and(u"u"y'/2/U,,, at the windward opening
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Figure 9. Vertical velocity(w)/U,.;) atH/W = 0.5
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Figure 11. Vertical fluctuationg"w")'/2 /U, ;) atH/W = 0.5
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Figure X&)/U,.; and(u"u")'/2/U,,; at the leeward opening

‘Windward Opening Windward Opening Leeward Opening Leeward Opening
0.5 0.5 £
,--’ﬁ e | —HW=1
i A S HW =05
04d 0.4 y
_ i _
N S /
024 N 0.2 1
0.1 - 0.1 -
—EW-1 N L
- EW=05 - HW =05
0 : — 0 . 0 : :
0.6 04 02 0 02 0 0.1 0.2 0.3 -0.2 0 0.2 0.4 0 0.1 0.2 0.3
<>/ on''w! )T, <>/ o0"'w" ),
Figure 14{w)/ U, and{w"w"}'/2 /U, at the windward opening Figure X82)/U,,; and{w"w")1/2 /U, at the leeward opening
HwW=1
8.5 mean = -0.0979 ~——WINDWARD
mean = -0.1598 —— LEEWARD
L
ba 0 .fuﬁf‘/\n\ s
= i "U ]
N i
o]
v
-0.6
1095 1130 1165 1200
T*(U,/H)

Figure 16. Time series of streamwise veloc{i){U,.f) at the centre of the openinggpti = 1
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at decreasing aspect ratio. Figure 16 demonstthgesignificance of turbulence Bt/W = 1 by showing a time series of
instantaneous streamwise velocity at the centtbeobpenings.

SUMMARY

The more reliable LES with the one-equation moael $GS kinetic energy was used to study the cressitation in
buildings placed at four different aspect ratié&/|/ = 1,0.67,0.5 and 0.25). Two of them {/W =1 and0.5) were
discussed in this paper. The cross-ventilatiorsratel mechanisms were compared.

1. Different flow mechanisms were observed for the dgpect ratios discussed. The mean flow throughufidings was
in reversed direction with respect to the prevalemd atH/W = 1. At H/W = 0.5, prevalent wind from the shear
layer could reach the windward opening and passedigh the buildings, the mean streamwise veldhifg reverted to
positive, i.e. typical cross-ventilation configuoat.

2. The averaged flow speed inside the building als@dafrom below to above.1U,.; whenH /W is reduced from to
0.5. This finding agreed with the general concept that ventilation rate is higher for canyons at wideparation.
Fresh air entrainment from the shear layer was mig@ous at lower aspect ratio, as suggested éifher value of
(w'w")/2 at the roof level ai /W = 0.5.

3. On average, the turbulence intensity at the openings greater ati /W = 1. The contribution of turbulence in
ventilation was significant at a smaller separatgrggesting its importance in natural ventilagstimate.

The simulations for the remaining aspect ratlbgly = 0.67 and0.25, are undertaken. Preliminary observations inchhde
near-zero mean flow across the windward openidfy#f = 0.67. Ventilation is dominated by turbulence fluctuaso The
results will be discussed in the upcoming papehnss Paper enriched an in-depth understanding on retwral ventilation
works in buildings of different densities. Furtlstudies are encouraged to better utilize our nkiiral resources.
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