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ABSTRACT

With the awareness of sustainability in the built environment, implementing natural ventilation to provide cooling
has become revitalized. But maintaining a healthy indoor environment, especially for those high-rise residential
buildings, could be an issue. The purpose of this review is to systematically review investigation methods (On-site
measurements, physical scale modeling (wind tunnel and water channel experiments) and different computational
fluid dynamics turbulence models (DNS, RANS and LES) for these practical concerns and knowledge gaps with
regard to air flow around building and to indentify effective investigation methods with the ultimate goal to find
optimum ventilation for HRR buildings. Physical scale modeling can be more controllable for airflow and building
configurations, but the accuracies of them are still arguable. On-site measurement is a somewhat dear approach.
Regarding to its accuracy, it still could under-predict the roof concentration. CFD is a fast, cost effective, risk
reduction and safe method for examining the issue regarding to airflow and pollutant dispersion around the building.
But the accuracies of each different turbulence model are different. DNS can provide the most accurate results in
finite volume calculations; but it is impractical for simulations due to large computational requirements. LES can
over-predict the lateral pollutant concentration in the wake region of the building and requires somewhat larger
computational demand and times. Although RANS is the most commonly used model for pollutant dispersion and
infection control issues, it over-predicts surface concentrations downwind of the sources. The research also
discovered that the vertical cross contaminant dispersion has not been widely studied, especially on the high-rise
buildings, and the concentration fluctuation rates in the unsteady atmospheric environment has been missed.
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INTRODUCTION

With the ever increasing living standard worldwide, centralized mechanical ventilation usually in combination with
air conditioning has become a common practice for providing thermal comfort and indoor air quality by taking in
controlled fresh air and discharging controlled exhausted air out. With these mechanical designs, a high investment
cost and intensive energy usage cannot be avoided in order to maintain the indoor temperature and air flow rate at
constant values. Approximately more than 60% of the total energy has been used for heating, ventilation and air-
conditioning systems (HVAC) in serving residential buildings in most European countries (Orme 2001). However,
with the finite energy is available on this planet, especially for fossil fuels. Therefore, Using natural ventilation has
become one of the practical approaches to reduce the energy consumption for HVAC of buildings, since a naturally
ventilated building is only 60% of that of an air-conditioned one (Kato et al. 1992; Ohba et al. 2001). Providing
sufficiently fresh air through openable window area and the depth of the space is the basic principle of a naturally
ventilated room. In Asian countries, it is also common that split-type or window-type air conditioners or VRV units
provide air-conditioning, and ventilation is obtained via open windows. But opening windows could be one of the
most common routines of airborne transmission. Therefore, in HRR, both window exhaust from the apartment and
rangehood exhaust from the kitchen can re-entry through open-windows to the adjacent apartments. Airborne spread
concept was first introduced by wells (1934, 1955) and Riley and O’ Grady (1961) to culminate in the well-known
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Wells-Riley equation (1997) for evaluating the effects of ventilation, filtration and other physical processes on the
transmission of airborne diseases. With respect to vertical cross-floor air contamination, second hand tobacco smoke
from the lower floor and fish-cooking fumes from lower floors are two of most obvious examples. Consequently,
airflows around building blocks influence indoor air quality, pollutant dispersion in the surroundings, and airborne
transmission of infectious diseases. To address these practical concerns, researchers worldwide have adopted a
number of techniques and methods in their investigations. In this paper, we reviewed these investigation methods in
the three categories of on-site measurements, wind/water tunnel physically-scaled experiments and CFD
(Computational fluid dynamics) numerical simulations. Also, the issues concerned are classified as cross
contamination within a single building block and among building arrays.

ON-SITE MEASUREMENTS

On-site measurements have been classified into two categories. One uses full scale measurements; another one
utilizes physical scale measurements. Detailed measurements of the spatial and temporal distribution of climatic
variables are possible differences between the full and physical scale structure.

Full scale measurement

Full scale measurement means testing flow and concentration around a single building, high-rise building or
building array in prototype size and the under real atmospheric conditions. A number of researchers have
investigated the pollutant dispersion with the full scaled on-site measurements. Mavroidis et al. (1999; 2000; 2007)
released a dual source of ammonia and propane, normal and 45° to the mean wind direction upwind of a single cubic
building, and deployed of a Flame Ionization Detector (FID) co-located with a Ultra-Violet Ion Collector (UVIC) to
measure the concentration levels. The atmospheric stability conditions ranged from very stable to very unstable. The
purpose of Mavroidis et al’s (1999) study was to discover the potential influence of atmospheric stability conditions
on dispersion behaviour of entrainment and detrainment in the wake region of an obstacle. It was found that the
concentration in the recirculation region decayed exponentially and the decay duration (it is the time that the tracer
gas is fully detrained at the wake) was longer in stable atmospheric conditions due to the lower wind speeds and
higher concentrations in the wake region of the cube. Hence, it could be concluded that the rate of the gas
detrainment from the wake region is mainly affected by the wind speed and much less by atmospheric stability.
Mavroidis et al. (2007) summarized both the mean concentration and the concentration fluctuation statistics in the
vicinity of an isolated building. Concentration fluctuation results showed that intermittency values increased as the
source was displaced from the centerline. Meanwhile, it also implied the importance of concentration fluctuation
studies, even at the wake region, because sudden peaks could occur when a source displaced further away from the
centerline where gas entrainment was intermittent. The research also revealed that a dual source/receptor system
technique was useful for pollutant dispersion investigation for providing data for statistical analysis and modeling.
But investigations of the possibilities of this technique should be further studied. In terms of those densely built-up
districts with buildings over 30 stories, the actual airflow around the buildings, particularly at lower floors, is much
lower due to the obstructions around. On-site measurements had been reported by Niu and Tung (2008) on the virus-
spread mechanisms of inter-flat or inter-zonal airflow through open-windows caused by buoyancy effects. For a
multi-family building in sub-urban private residential area, with 3-storey and 15 residential units on each floor, a
dual tracer gas of CO, and SF, were emitted simultaneously to examine the quantity of exhaust air coming out of
the window of the lower floor that re-enters the open-window in the upper floor. CO, was for examining the
ventilation rate. SF4 was taken as a tracer of indoor pollutant originating from the lower floor and also used to
quantify air change rate of the lower room. It was found that the air in the room upstairs contained up to 7% of the
air directly from the room downstairs. The work proved that window flush with a flat fagade can be a major route
for the vertical spread of pathogen-containing aerosols in high-rise buildings.

A street canyon generally refers to a relatively narrow street between buildings that line up continuously along both
sides. This unit is bounded by the ground surface at the bottom and the roof level at the top. It has a distinct climate
where micro-scale meteorological processes dominate (Nakamura and Oke 1988) and the air ventilation and
pollutant removal are solely through the roof level. Therefore, these unique micro-scale meteorological processes
will affect the local air quality. The flow pattern inside street canyons depends on their geometry, especially, the
building-height-to-street-width ratio (H/W, where H is the height of the building and W is the street width). For
widely spaced buildings (H/W<0.3), the flow field between the buildings do not interact, which results in the
isolated roughness flow (IRF) regime. At closer spacing (0.3<H/W<0.7) the wake behind the upwind building is
disturbed by the recirculation created in front of the windward building, which is the wake interference flow (WIF)
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regime. At reduced spacing (H/W>0.7) the skimming flow (SF) regime is resulted in. IRF, WIF and SF regime have
all been displayed in below.

Isolated roughness flow

Wake interference flow

ST TN,
0\ TNV
lj / C

VI

Figure 1 Three flow regimes with different building-height-to-street-width ratios H/W (Nakamura and Oke 1988).

Physical scale model on-site measurements

Some researchers use physical scale model under the real atmospheric environment conditions for studies. In this
review, we call it physical scale model on-site measurements. It is one of the alternatives to the high expense full
scale measurement, especially in the urban area with groups of obstacles. But this method may suffer from the
inherent similarity problems, since the wind speed at the scaled-down model should be lower than that at the full
scale model. Mavroidis e al. (2003) aimed for studying the plume entrainment behaviours from longitudinal, lateral
and vertical source locations by using physical scale models for an isolated cube in the field. The experiment
released a dual-gas with ammonia and propane 2.0H upwind of different cubes. The building with height H=1.15m
and diameter D = 1.15m, and a taller building with H = 2.3m at a nominal scale between 1/10 and 1/20. The results
demonstrated that taller obstacles resulted in a reduction of ground level concentration when the tracer gas was
released from upwind of the obstacles continuously.

More researches for physical scale model on-site measurements for building arrays have been conducted.
Macdonald et al. (1997; 1998) released a tracer gas of pure-grade propylene (C;Hg) as a plume dispersion upwind
of 1/10 regular arrays of cubes in the field. In the experiment, the flow rate of the tracer gas was measured by a
float-type variable area rotameter. UVIC detectors had been deployed to measure the propylene concentrations.
Ultrasonic anemometers were placed at 1H height and 6 to 10H upwind of the arrays for measuring the mean and
fluctuating velocity. Macdonald et al. (1998) illustrated that the ground concentrations were much higher than
rooftop ones in the front rows of the array possibly due to the horseshoe vortex system around front row buildings.
Higher lateral concentration profile could be found to the closer source. Macdonald’s ef al. (1997) study observed a
greater initial dispersion plume was also found when releases were located inside the array than upwind of the array.
Mavroidis et al. [(2001) also examined pollutant dispersion within building arrays by means of applying model
obstacles with S/H = 1.5 (where S is the space between two consecutive array elements) at a scale between 1/10 and
1/20 in the field. A dual-gas with ammonia and propane had been released constantly 2.0H upwind of the obstacle at
a height of 0.5H. The ammonia could be moved along three coordinate directions from the obstacle but the propane
remained the same position. It suggested that mixing and dispersion were enhanced within the array.

WIND/WATER TUNNEL PHYSICAL SCALE MEASUREMENTS

To have steady weather conditions in on-site measurements is always difficult. A physical scale measurement in a
simulated controlled environment can help us to overcome this problem. The physical scaled measurement shares
similar principle as physical scale model on-site measurement, which means that by reducing the geometrical scale
of a given domain and adjusting the reference parameters to reproduce measured data under the original full-scale
conditions. Therefore, it has often been adopted as a complementary tool to numerical modeling and been proved
especially useful in model development (Baker and Hargreaves 2001). Wind tunnel and water channel are two types
of typical physical scale facilities in studying airflow around buildings.
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Wind tunnel measurements

A wind tunnel is a device for directing airflow over an object for the analysis of the properties around it. Scaled
building models may be used as objects in a wind tunnel. Three monitoring techniques should be involved in a wind
tunnel experiment: flow visualization for revealing the possible flow patterns, tracer dispersion quantifying
concentrations at receptor locations, and Laser Doppler Anemometry (LDA) for studying the flow in detail. Also,
although pressure distribution may not be the target for air quality studies, it is an important parameter for estimating
air-infiltration in envelopes and can also be used for the validation of numerical results. On the other hand, although
wind tunnel might have the scaling difficulties, it can help us effectively approximate real atmospheric conditions in
urban streets and investigate micro-scale pollutant dispersion around a building. To study the pollutant dispersion of
an isolated building, tracer gas can be placed at different locations around a building in the wind tunnel. Ogawa et al.
(1983a, 1983b); Saathoff et al. (1995); Yassin et al. (2005) studied the air flow patterns and concentration dispersion
on and around a cube. The effect of increasing model scale to the mean concentrations of a source at the roof was
also investigated (Saathoff er al. 1995). SF6 as tracer gas emitted from center of cube roof (Ogawa et al. 1983a,
1983b; Saathoff et al. 1995) and a 0.25m diameter stack with a height of 3m (Yassin e al. 2005). A two-colour
Laser Doppler anemometer (LDA) was for measuring u and w of the flow (Ogawa ef al. 1983a, 1983b). Hot-wire
anemometers were used for measuring u, v and w of the flow (Ogawa ef al. 1983a, 1983b; Saathoff ez al. 1995). But

Yassin e al. (2005) used an ultrasonic anemometer and a 3D LDA. Smooth upwind surface and &= 0° (wind
direction) would generate reverse flow at the source position and high concentrations at the leading edge; but very

rough surface and @ = 0° could produce high rooftop concentrations (Ogawa et al. 1983a). The maximum
concentration was found under stable conditions (Yassin er al. 2005). Rooftop pollutant concentration was
overestimated by wind tunnel (Ogawa ef al. 1983b). The changes in model scale did not vary much with leeward
concentrations (Saathoff ef al. 1995). Huber (1991, 1989) evaluated the concentrations downwind of a point source
in the near wake of the model building. The buoyant ethane as tracer gas was emitted upwind and concentration
(Huber 1991, 1989). Velocity and turbulence were obtained by x-array hot-wire probe with constant-temperature
anemometer. Concentrations were measured by a FID for 2 minutes (Huber 1991, 1989). Four flow speeds and
buildings sizes were considered (Huber 1991). Angles from -30° to 60° were to verify oblique orientation and W/H
ratios from 2 to 22 to test building width effect. Concentrations were not significantly high near the building,
whereas they were greater than 10H (where H is building height) at downstream distance (Huber 1991). The largest
W/H=10 plume was the lateral plume from a point source near the center of the building (Huber 1989). In
comparison, the vertical and horizontal cross contaminant around an isolated high-rise building has not been widely
researched. The only one relevant paper has been found in the review is Liu et al’s (2010) study. It adopted a 1:30
scale model of typical Hong Kong residential buildings for representing a 10-story in prototype into a 4m high x Sm
wide x 41m long wind tunnel to examine the cross-contamination phenomenon of the re-entrance space with 0° and
90° wind directions. Tracer gas was continuously released by a flow meter at the constant flow rate as the exhausted
room air at 3", 6™ and 9" floor respectively. The measured points were taken in the re-entrance space of each floor.
The research work presented that the pollutant could spread in both vertical direction and in the downward direction.
Dispersion occurring in the horizontal direction had also been found.

A number of wind tunnel studies of pollutant dispersion phenomena in building arrays and street canyons were also
carried out (Davidson et al. 1996; Macdonald et al. 1998; Yee ef al. 2006). They studied flow field and plume
dispersion around urban buildings by physical models. The W/H ratio for a fixed obstacle density had been
particularly tested (Macdonald ef al. 1998). Ethane (Davidson et al. 1996) and Methane (Macdonald ez al. 1998)
were released upwind of the building array. Yee et al. (2006) emitted pure ethylene upwind and within the building
array. An x-array hot-wire, a pulsed-wire anemometer (Davidson et al. 1996), a type JBJ pulsed-wire anemometer
mounted on an automated traverse gear (Macdonald ez al. 1998) and crossed hot-wire anemometers coupled with a
digital vane anemometer (Yee et al. 2006) were applied. A 1/20 scaled and a 1/200 scaled model (Davidson ef al.
1996), a 1/50 and 1/100 scaled model (Macdonald ef al. 1998; Yee et al. 2006) were all tested in different wind
tunnels respectively. A number of Flame lonization Detectors (FIDs) had been utilized for obtaining information for
plume internal structure and mean concentration levels (Macdonald ef al. 1998; Yee et al. 2006). But another
additional FID used for measuring the background concentration of the tracer (Macdonald ef al. 1998). The mean
concentration of the plume was in a Gaussian form (Davidson et al. 1996; Macdonald ef al. 1998). But concentration
fluctuation within the plume was decreased by the small-scale and high-strength turbulence (Davidson et al. 1996).
2 to 3 times larger lateral and vertical spreads of plume measured from wind tunnel than those in the field and water
channel (Yee et al. 2006). But the peak concentration was underestimated by wind tunnel.

13



Water tunnel measurements

Water and wind tunnel share the same principles and considerations. The major potential advantage of water tunnel
over wind tunnel is its capability of simulating buoyancy effects. Salt bath modeling is a technique that uses water
infused with salt solutions of various concentrations to act the same way as thermal buoyancy in a full scale
structure. But dimensional analysis is still needed to maintain consistency between the model and prototype and
providing a similar atmospheric boundary layer in water as in full scale experiments is still a challenge. Cheah ef al.
(1993); Bara et al. (1992) and Yee et al. (2006) studied the plume dispersion and contaminant profiles around the
building by a released source located at the ground level. A 1/2000 scaled model was tested in a recirculating water
channel (Cheah et al. 1993). Bara et al. (1992) used saline tracer technique from a ground level source in a water
tunnel simulation of ground level plume to be examined in a stably rough surface atmospheric boundary layer. On
the other hand, sodium fluorescein dye tracer was emitted as a ground-level source in the flow. The concentration
was measured simultaneously at multi-points by the laser-induced fluorescence (LIF) technique of a 1/205 scale
model under neutrally stratified atmospheric boundary layer in a water channel with a working section of 0.9m high
x 1.5m wide x 10m long (Yee ef al. 2006). The mean velocity was measured by a pitot tube (Cheah et al. 1993), a
fibre-optic Laser Doppler velocimeter (LDV) powered by an argon-ion laser (Bara et al. 1992) and a Laser-Doppler
anemometer in backscatter mode with a 16mV He-Ne laser (Yee et al. 2006). Turbulent velocity (Cheah ef al. 1993)
was also tested by single sensor and X-array, cylindrical fibre film probes with a two channel DISA 55M Series
anemometer. A similar flow speed and a higher Reynolds number could be obtained in water channel. Therefore,
mean and fluctuating concentrations could be accurately measured by a conductivity probe and flow can be
visualized easily (Cheah et al. 1993). Yee et al. (2006) also agreed that the lateral and vertical plume and decay of
concentration fluctuation intensity with increasing downwind distance could be reproduced well by water channel;
the maximum mean concentration, concentration fluctuation intensity and its decay could be more accurately
measured by a water channel than others. But it overestimated fraction of non-zero concentration periods near the
edges of the plume (Bara et al. 1992).

NUMERICAL EXPERIMENTS/SIMULATIONS

CFD technique has started to be used since 1960s to analyze the issues regarding to fluid flow, heat transfer and
associated phenomena (e.g. chemical reactions). More and more popular numerical simulation turns into a major
tool for designers of fluid flow and thermal systems, which is attributed to the availability of faster and larger
computers enabling us to solve complex fluid flow and thermal problems. In this review, we focus on its application
in airflow and pollutant dispersion around buildings.

Direct Numerical Simulation (DNS)

DNS solves Navier-Stokes equations directly without the use of any turbulence models. It captures the mean flow
and all of the relevant scales of turbulent motions, so extreme fine grids are required in consideration of the small
eddies of an external flow. It appears that some essential flow features like the vortex behind a building can be best
captured by DNS models. However, it was not amenable to use DNS in engineering applications due to the
prohibitive memory and computational requirements. Consequently, data from reliable DNS are not usually
available (Aberdi and Omidyeganeh, 2008).

Reynold-averaged Navier-Stokes numerical simulations (RANS) and Large eddy simulation (LES)

RANS are the oldest approach to turbulence modeling, which considers an integral approach for the whole
turbulence spectrum so that turbulence modeling assumptions are required for the closures. But this approach does
not require as large computing resources as DNS, reasonable results can still be provided. Thus, they have been the
mainstay of engineering flow calculations over the last three decades (Versteeg and Malalasekera 2007). The
attention of RANS models is focused on the mean flow and the effects of turbulence on mean flow properties. The
standard k — & models, the RNG k — & models and the Realizable kK — & model are three main types of RANS
models. The most popular model is the standard kK — & model developed by Launder and Spalding (1974). But

Tominage and Stathopoulos (2009) pointed that the standard k& — & model provides insufficient results for the
concentration field around a cubic building due to its poor reproductivity of the basic flow structure, such as the
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reverse flow on the roof. The best tested turbulence models was RNG k& — & model. Mahjoub et al. (2003) also
provided that, among the three first order £ — & models, only the RNG k — & models could provide good results in
the exit region and in the trailing zone of a jet, although they rendered identical results in the upstream and far
downstream regions of a jet. Hence, the RNG k — & models had been widely used recently (Yakhot et al. 1992).
However, recent works indicated that these models seem to be very promising in describing complex processes
(Canepa 2004); while Lakehal and Rodi (1997) highlighted difficulties in downwash simulation by £ — & models.
The premise of LES is to simulate the large-scale turbulent motions and approximate the small-scale motions
through modeling. The effects on the resolved flow (mean flow plus large eddies) due to the smallest, unresolved
eddies are included by means of a so-called sub-grid scale model. Because small-scale turbulence is modeled, LES
requires considerably less computational resources and time than DNS. With the increasing numerical capability of
modern computer, LES is more and more widely used in predicting airflow. The key to successfully predicting
airflow by the LES is to accurately represent the unresolved sub-grid-scale (SGS) motion.

RANS modeling might be inappropriate for some cases due to the averaging procedure used in these models.

Johnson and Hunter (1998) found that k — & model predicted stronger concentration gradients in the wake region
than those in wind tunnel experiments. Consequently, K —& model underestimates turbulent diffusion and

turbulence intensities in the wake. Gao et al. (2008) revealed that RNG k — & models were not able to examine the
turbulent fluctuations and instantaneous air exchanges through the opening, especially in wind-driven single-side
natural ventilation. Meroney et al. (1999) also concluded that over-predicted surface concentrations downwind of

the sources emitted in the vicinity of bluff bodies could be obtained from k& — & models (since RANS k — & models
cannot produce the intermittent nature of bluff-body flow). Tominaga et al. (2008) found that the & — & model could
not reproduce the reverse flow on the roof, which was corrected by revised kK —& models. But modified

k — & models overestimated the reattachment length behind the building, which could be improved by LES. Also a
good agreement was found between LES simulation and the wind tunnel measurement in respect of mean
concentration, fluctuation intensity, peak concentration values, the windward length of a cavity region behind the
building, the measured mean velocity and turbulent intensity (Stathopoulos and Li 1997). The major advantages of
LES are its capability of handling the unsteadiness and intermittency of the flow as well as providing detailed
information on the turbulence structure. But without inflow turbulence, the LES could produce too much vortex
shedding behind the building, which would overestimate the pollutant fluctuation in the lateral direction in the wake
region. However, owing to large demand in computational resources for the LES technique, it used to be regarded
mainly as a research tool rather than a practical way to engineering applications (Versteeg and Malalasekera 2007).
Consequently, to study the problems with a complex geometry or a large-scale site, LES has difficulty due to
limitations of available memory and computing speed at present. With the fast development of computer capacity
and sophisticated numerical models, comprehensive numerical investigation of complex buildings structures and
urban layouts will not be far away. So the LES modeling would be a realistic choice in the near future.

CONCLUSION

In this review, it is found that the airflow, pollutant dispersion and infection spread risks in an isolated building and
building arrays have been studied by means of field measurements, physical scale measurements and numerical
simulations. Physical scale modeling can be more controllable in terms of stable airflow boundary conditions. But
its accuracy is compromised due to due to its limitations in simulating the real atmospheric boundary layer in terms
of the turbulence characteristics. The physical scale model on-site measurement, having similar problems as wind
tunnel tests, can over-predict the pollutant concentrations along the roof center and at leeward fagade.

Theoretically speaking, DNS can provide the most accurate results in finite volume calculations because of the
consideration of small eddies, but due to its large computational requirements, it is impractical to use for airflow
problems around buildings. The LES can solve the unsteadiness and intermittency of flow separation, but it over-
predicts the lateral pollutant concentration in the wake region of a building. The RANS models, the most commonly
used, currently have obvious deficiencies in predicting the separation at a building roof and the wake flow at the
leeward of a building.

In terms of the practical concerns to be resolved, in spite of researches up to the present moment have revealed many
phenomena about an isolated building or groups of buildings, but they still emphasize on horizontal contaminant
dispersion and the effects to the horizontal neighborhood, and much less research is focused on the vertical
contaminant dispersion, especially in high-rise buildings. Moreover, strong upward air motion dominated by
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buoyancy effects by solar radiation under low wind condition has not been widely studied. Hence, combined
buoyancy effects and wind forces should be considered. And this phenomenon would be difficult, if not impossible,
to be investigated in wind tunnel tests. With the increasing computing power, LES models are perceived to play
more roles in studying this practical problem.
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