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Abstract. To investigate diffusion around a building in a suburban area, a field observation was
conducted on a model cube with a centrally located rooftop level source in September 1992 in Sapporo,
Japan. The results show that high concentrations were observed both upwind and downwind of the
source on the roof, although the mean velocity U was positive. The values of normalized concentration
at locations upwind and downwind of the source were lower than those obtained from wind tunnel data
conducted at moderated turbulence levels. At ground level, the mean concentrations along the model
centre line show the highest value near the cube and decay rapidly in the downstream direction. The
relationship between the instantaneous concentrations and instantaneous velocity was investigated
using two fast-response concentration detectors and an ultrasonic anemometer. It was found that
when reverse flow occurred on the roof, the tracer gas was detected upwind of the source.

1. Introduction

Over the last two decades, the mean concentration field around a building has
often been studied in the wind tunnel. The effluent plume from a nearby stack
becomes trapped in the cavity wake behind buildings. This phenomenon, known as
‘downdraft’, leads to a high concentration of pollutants at ground level. In relation
to the concentration and flow on the roof of buildings, an early wind tunnel study
was conducted by Halitsky (1963) on a cube model with a centrally located rooftop
level source placed in a uniform flow. He inferred the existence of a reverse flow on
the roof by measuring the concentration field. Wilson (1976) conducted a study on
the flow around rectangular buildings in a thick boundary layer flow and found that
the flow reattached to the roof, while Halitsky’s study did not find reattachment. For
effects of oncoming flow conditions, a systematic wind tunnel study was conducted
by Ogawa et al. (1983a,b). They found that the change in the flow pattern on the
roof due to differences in upwind turbulence caused the concentration patterns on
the roof, as well as those behind the building, to change.

Although research on the mean concentration near buildings has been conducted
not only through wind tunnel studies but also through a number of field studies
conducted in flat terrain, (see, for example, Munn and Cole, 1967; Hinds, 1969;
Drivas and Shair, 1974; Smith, 1975; Ogawa and Oikawa, 1982; Ogawa et al.,
1983a,b; Jones and Griffiths, 1984; and Higson et al., 1994), little observation has
been made of diffusion in an urban area, where the existence of high levels of
turbulence has been reported (e.g., Bowne and Ball,1970; Jackson,1978; Uno et
al.,1988; Rotach,1993; Oikawa and Meng, 1995).
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Figure 1. Schematic of the experiment setup. The ultrasonic anemometers (1) and (2) were upwind
of the cube and (3) was set at the centre of the cube rooftop.

To clarify the diffusion phenomenon around a building in an urban area, a field
study was conducted using several ultrasonic anemometer-thermometers and fast-
response concentration detectors in Sapporo, Japan. This paper presents the results
concerning (i) the mean concentration patterns on the rooftop of the model cube and
at ground level, and (ii) the relationship between the instantaneous concentrations
and instantaneous velocity found on the rooftop of the cube.

2. Observation Site and Experiment Setup

The field study was conducted in Sapporo, Japan, in September, 1992. The obser-
vation site was located 10 km northwest of the center of the city. Residential
dwellings, which are uniformly seven metres high, are first noted 30 metres to the
northwest of the site, and continue 2 km towards the coast. Details on the site can
be found in Oikawa and Meng (1995). The model cube, which was made from
plywood sheets with 5.4 m on each edge, was set back 30 m from the houses.
Observations were conducted whenever the wind blew from the northwest. Fig-
ure 1 shows a schematic of the field site. The two three-dimensional ultrasonic
anemometer-thermometers (Kaijo Corporation) were mounted at 5.4 m and 18 m
on poles, and one two-dimensional ultrasonic anemometer was set at the center of
the roof at 5.5 m. The sonic anemometers were calibrated in a wind tunnel.

In this study, two different tracer gases, Sulfur Hexafluoride (SFs) and Ethylene
(CyHy), were used. The two tracer gases were mixed with nitrogen and were
released at a constant rate (70 /min) from a 30 cm diameter source on the surface
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Figure 2. Tracer gas release system and fast-response concentration detector setup.

at the center of the roof. The exhaust velocity was about 1.6 cm s ™!, low enough to
avoid any jet effect. SF¢ gas was used to obtain the average concentration. There
were 50 sampling ports on the roof of the cube and near the ground. The sample
gas was fed into bags at a sampling rate of 200 cc/min for 10 min; later, the sample
gas was analyzed by an ECD gas chromatograph. C;H4 gas was used to obtain
the concentration variations, and analyzed by flame-ionization detectors (FID)
manufactured commercially (HFR-400 made by Cambustion Ltd of England). The
sensors were 0.25 mm in diameter by 5 cm long. The response time, which is the
time from when the gas started combusting in the FID head until the output reached
63% of steady value, was less than 0.02 s. Two sensors (ROOF1 and ROOF2 in
Figure 2) were positioned on the roof. They were placed 1 cm above the roof
and were calibrated before the start of each run. Calibration was done by intaking
standard gases (0, 10, 40, 100, 400, 1000 ppm) via a teflon bag and a tube mounted
at the top of the probe. The response of the detectors is linear to within +5% over
the operating range of 0—1000 ppm.

Data from both the sonic anemometers and the FIDs were collected on a digital
recorder (TEAC Co., DR-F1) at a 10Hz sampling rate. This frequency was chosen to
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Table 1
Summary of the flow characteristics of the oncoming wind (at z = 5.4 m)

Run U Oy Oy Ow U w'd’ L ¢ o4
ms™) (ms™) (ms™) (@ms) (@ms) (ms'K) (m) (deg) (deg)
1 1.8 0.70 0.57 0.32 0.25 0.02 —55 -5 20
6 1.3 0.64 0.64 0.30 0.27 0.03 —54 3 31
9 2.8 1.05 1.08 0.72 0.58 0.08 —167 8 23
10 2.3 1.18 0.97 0.68 0.59 0.06 —230 8 27
11 2.4 1.00 0.74 0.53 0.45 0.03 -191 =15 20
15 5.8 1.94 1.58 0.95 0.70 0.02 —1041 13 15
Table 11

Comparison of the wind-tunnel data R6 (Ogawa et al.,
1983a) and the field data Run 6 of the oncoming wind
(atz = H) '

Case o0./U o0y/U o0u/U

Wind tunnel R6 0.265 0.237 0.224
Field Run6 0.492 0.492 0.230

be compatible with the response of the sonic anemometers. A 10-minute averaging
time was used for each run.

In the present study, wind directions (¢), where ¢ is the wind direction measured
from the plane perpendicular to the upwind face of the model, were selected within ¢
=115°. A total of sixteen runs were conducted and six runs were within ¢ = +15°.
Atmospheric conditions and turbulence properties during these runs are shown in
Table 1. Here, U is the mean horizontal wind speed, and o, o, and o, are the
standard deviations of the fluctuating velocity components of the alongwind (z),
crosswind (y), and vertical (z) directions, respectively. u, is the friction velocity,
which was derived from the eddy correlation measurements, with u, = v —u'w/,
and L is the Monin—Obukhov length, L = —u2T(/kgw'@’, where @' is temperature
fluctuation, « is the von Karman constant (0.41), T} is the potential temperature, and
g is the acceleration due to gravity. o is the standard deviation of the fluctuating
wind direction. Observations were conducted mainly during the daytime on both
clear and cloudy days. Atmospheric stabilities were slightly unstable, where the
values of the Monin—Obukhov length (L) at z = 5.4 m ranged from —54 m to
—1041 m.
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Figure 3. The profiles of (a) normalized mean wind velocity (b) o /U, 0 /U and o, /U. The unfilled
symbols represent data observed in Nov. 1992 (Oikawa and Meng, 1995) and the filled symbols are
data from the 6 runs in Table L. The dotted lines in (a) denote the mean wind profiles calculated by
the equation U/u. = (1/k){In(2'/20) — ¢ (2'/L)}. In (b), the dashed curves were drawn by eye.

Figure 4. Normalized concentration patterns on the roof (Run 1).
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Figure 5. Normalized concentration vs o, /U. Solid lines indicate wind-tunnel data (¢ = 0°, after
Ogawa et al., 1983b). Numbers represent run numbers. (a) ROOF1 (upwind), (b) ROOF2 (downwind).
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Figure 6. Normalized concentration patterns on the ground (Run 6).
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Figure 7. The normalized concentration along the cube centre line on the ground, wind-tunnel data
R6 (after Ogawa et al., 1983b) and field data Run 6.

3. Results and Discussion
3.1. VERTICAL PROFILES OF MEAN VELOCITY AND TURBULENCE INTENSITY

Figure 3 (a) shows an example of the upwind mean wind speed profiles, plotted
against normalized height z/H (H = 5.4 m, where H is the model cube height).
The unfilled symbols represent data observed in Nov. 1992 (Oikawa and Meng,
1995) and the filled symbols are data from the 6 runs shown in Table I. The dotted
line in Figure 3(a) represents non-neutral wind profiles calculated by the equation
of U/u, = (1/k){In(2'/20) — (7' /L)}, where 1(z' /L) is the Monin—-Obukhov
function as described by Carl et al. (1973), zp is the roughness length (= 0.45 m)
which is assessed using the method described by Lettau (1969), and L is the Monin—
Obukhov length measured at z = 18 m. Here, 2’ is 2/ = z — d, where z is the height
above ground, and d (= 2.3 m) is the zero-plane displacement, as calculated using
the method described by Counihan (1971). The calculated wind profiles appear to
display the same tendency as those found in the present study, although the observed
value of U /u, at z = 18 m was slightly larger than the calculated value. Figure 3(b)
presents local turbulence intensity profiles of the three velocity components. The
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Figure 8. Smoke released from the cube on the centre of the rooftop. The wind blew from the left
side of the pictures. (a) smoke on the roof transported directly downwind (b) smoke on the roof

transported upwind.
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Figure 9. Time series of (a) reverse flow on the roof and (b) normalized concentration fluctuations
on the central upwind rooftop location (ROOF1) and (b) normalized concentration fluctuations on
the central downwind rooftop location (ROOF2) of Run 11. Negative wind speeds in (a) represent
reverse flow on the roof.

turbulence intensity o, /U at the model height was extremely high as it was 0.4 or
more.

3.2. AVERAGED CONCENTRATION

Figure 4 shows an example of the normalized concentration C* patterns on the roof.
The normalized concentration C* is given as CU H?/Q, where C is the measured
concentration in ppm, U is the mean oncoming velocity at z = H, () is the emission
flow rate. High concentrations were observed both upwind and downwind of the
source. Note there was no drastically high concentration region on the roof due to
the large turbulence in the suburban area.

Figure 5 illustrates the normalized concentration C* measured at the central
upwind rooftop location (ROOF1) and the downwind location (ROOF2) vs. the
turbulence intensity upwind at the model height (z = 5.4 m). The numbers denote
field run numbers, and the lines represent wind tunnel data (¢ = 0°) reported by
Ogawa et al. (1983b), in which the effects of four different upwind roughnesses
(very smooth to very rough) with o, /U from 6.7% (RO Case) to 26.5% (R6 Case)
were investigated. As expected, the value of C* at both locations upwind and
downwind of the source, were lower than the data obtained from wind tunnel
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results conducted at moderated turbulence level (R6). This phenomenon might be
explained as discussed by Ogawa et al. (1983b). For small turbulence intensity, a
reverse flow on the roof occurred, the pollutant was transported upwind and the
highest concentrations were measured at the location upwind of the source. When
turbulence intensity increased to approximately o,/ U =20-30%, the mean negative
wind speed on the roof was not observed, and the high rooftop concentration was
observed downwind of the source. In this field study, C* values were lower than the
wind-tunnel data (R6 case). This might be due to the fact that the high turbulence in
the suburban area increased the initial plume diffusion on the roof and caused the
concentrations downwind of the source to decrease. The oncoming flow condition
affects not only the concentration on the roof but also that at ground level.

Figure 6 shows an example of the normalized concentration C* patterns on the
ground. The maximum ground level concentration was observed near the cube.
Figure 7 represents the normalized concentration C* on the central axis of the
cube on the ground. Ogawa et al.’s (1983b) wind tunnel data (R6 case; ¢ = 0°)
are also shown in this figure. In comparison to the R6 case and field Run 6 case,
C* is lower and decreased rapidly with increasing distance. Table II shows the
turbulence intensity in the field and in the wind tunnel. The vertical components
for both the wind tunnel (R6) and field (Run 6) were of the same order, but the
values of longitudinal and lateral components of the wind tunnel were lower than
those of the field. Both components affected the structure of the cavity and caused
a low ground level concentration.

3.3. INSTANTANEOUS CONCENTRATION ON THE ROOF

In the previous section, the averaged levels of concentration were described. The
results show that a high concentration was observed at the upwind position, although
the mean velocity on the roof was positive. To clarify the phenomena on the roof,
a smoke visualization was done and the instantaneous concentrations and velocity
were investigated using two fast-response FIDs and an ultrasonic anemometer.
The smoke for the visualization was released from the centre of the roof. Two
typical patterns are shown in Figure 8. In Figure 8(a), the smoke on the roof is
being transported directly downwind and is trapped in the wake behind the cube.
In Figure 8b, on the other hand, the smoke on the roof is being transported upwind
from the source and no downdraft phenomenon was observed behind the cube.
Figure 9 presents a time series of the longitudinal velocity at the the roof
center and normalized concentrations at the upwind (ROOF1) and the downwind
(ROOF2) rooftop locations. The plots were smoothed by a 1-s running average.
Negative longitudinal velocity represents reverse flow on the roof. It is clear that
when the reverse flow on the roof occurred, the tracer gas was detected at the
position upwind of the source (ROOF1). This result indicates that almost all of the
gas detected at the upwind position was transported by reverse flow. It is for this
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reason that a high concentration was observed at the upwind position (ROOF1),
although the average longitudinal velocity on the roof was positive.

4. Summary

Diffusion properties of central rooftop emission from a model cube in a suburban
area were observed during a field study performed in Sapporo, Japan. It was found
that:

(1) On the roof, high concentrations were observed both upwind and downwind
of the source, although the mean velocity U was positive. The field study did
not reveal any drastically high concentration regions on the roof due to the large
turbulence in the suburban area. The values of normalized concentration at the
locations upwind and downwind of the source were lower than those obtained
from wind-tunnel data conducted at moderated turbulence levels. At ground level,
the mean concentrations along the model centre line show the highest value near
the cube and decay rapidly in the downstream direction.

(2) The relationship between the instantaneous concentrations and instantaneous
velocity was investigated using two fast-response concentration detectors and an
ultrasonic anemometer. It was found that when reverse flow occurred on the roof,
the tracer gas was detected upwind of the source.
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