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Abstract

The dispersion of building exhaust was investigated using field and wind tunnel experiments. The
major purposes of the study were: 1) to evaluate minimum dilution models that are currently used
by building designers, 2) to assess the accuracy of wind tunnel modelling, and 3) to provide

guidelines for reducing the risk of reingestion of stack emissions.

A total of seven field tests were carried out using two buildings on the campus of Concordia
University in Montreal, Quebec. During the tests, a tracer gas was emitted from a short stack and
air samples were obtained at up td fifieen locations on the roof using radio-controlled samplers
that were designed and built by IRSST. A sampling period of 15-min was used for the field tests,

usually ten samples were obtained at each location.

The field dilution data were compared with minimum dilution estimates obtained with three
widely used design formulas, the Halitsky model, the Wilson-Chui model and the Wilson-Lamb
model. The Halitsky model generally gave very conservative predictions of minimum dilution.
The minimum dilution models of Wilson-Lamb and Wilson-Chui provide reasonable lower bounds
for D, , although both models produced unconservative predictions of some of the field data.
The Wilson-Chui mode! with a reﬁsed formula for initial dilution is recommended because it is

simpler than the Wilson-Lamb model and also more conservative for urban environments.

Dilution data obtained in the wind tunnel study showed reasonably good comparison with the field

data. In general, dilution values obtained in the wind tunnel were higher than the field values with



the discrepancy usually less than a factor of two. Thus, the wind tunnel appears to be slightly
unconservative, at least for the particular case studies. Results of both the field study and the
wind tunnel study indicate that the behavior of the plume may be dramatically affected when the
momentum ratio, M, of the exhaust flow reaches a critical value. For Building' 1, a large cubical
building, dilution decreased significantly at all rooftop locations when M was between 3 and 4.
Tests carried out with Building 2, a short rectangular building, showed that dilution decreased
considerably when M>2. These findings regarding the importance of M are noteworthy since, for

typical building stacks, M values in the range of 2 to 4 are likely to occur frequently.
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1. Introduction

The reingestion of toxic or odorous gases emitted from roofiop stacks can signiﬁcanﬂy affect the
indoor air quality of 2 building. Precautions taken during the design and construction phases to
ensure proper air quality may be completely overwhelmed under certain atmospheric conditions.
Industrial and institutional laboratories are especiaily susceptible to reingestion problems due to
the large number bf potential emission sources. This phenomenon has been suspected as a cause
of indoor air quality problems at university laboratory buildings as well as various industrial

facilities and manufacturing plants.

Determining a safe distance between the pollution sources and air intakes is a complex exercise
that involves several parameters such as wind speed, wind direction, the degree of atmospheric
stratification, the ratio of exhaust velocity to wind speed, the height and geometry of the building,
the development of zones under positive and negative pressure, emission characteristics and the
topography of the sites. Ideally, the exhaust system of a building must be designed so that exhaust
gases are not reingested at fresh air intakes. For instance, in the province of Quebec, the
regulation respecting the quality of the work environment [S-2.1, r.15 (1994)] stipulates that fresh

air intakes must be located so that no air already evacuated from an establishment is reintroduced.

Estimates of maximum concentration as a function of downwind distance from a stack or vent can
be obtained using dispersion models provided by the American Society of Heating, Refrigerating
and Air Conditioning Engineers [ASHRAE (1997)]. Alternatively, a wind tunnel study can be

carried out to predict peak concentrations at critical locations. The latter method is generally



preferred when surrounding structures or topography will significantly affect the flow patterns
around the building. It is important to note, however, that neither modelling technique has been
thoroughly validated with full-scale data. The ASHRAE formulas have primarily been evaluated
by comparing dilution estimates with wind tunnel results for a number of case studies. Results of
these comparisons have been contradictory. For example, Petersen and Wilson (1989) concluded
that the ASHRAE formulas give very conservative estimates of plume dilution for high velocity or
large diameter stacks. On the other hand, results of other studies indicate that the ASHRAE
formulas do not provide conservative dilution estimates in all cases. [Perera et al. (1991), Schuyler

and Turner (1989)].

The accuracy of empirical formulas and wind tunnel modelling can only be verified by comparing
predicted concentrations with field data. However, few field studies have investigated the
particular case of near-source diffusion of emissions from rooftop stacks. In the present
comparative study, tracer gas experiments were performed using two institutional laboratories in
Montreal. Air samples were collected at a number of locations on the roof of the buildings and
the concentration profiles were correlated with meteorological data obtained on the roof. The

field tests were then modeled in a boundary layer wind tunnel, '

The main purpose of the wind tunnel study was to evaluate the accuracy of this modelling
technique. It would be expected, that the accuracy will depend on various factors such as the
distance from the emission source to the receptor and the degree to which the modelling criteria

have been satisfied.



2. Literature Review

2.1 Dilution Models

A number of semi-emprical models exist for the evaluation of minimum dilution (D, =C/C,.,,) of
exhaust from rooftop stacks, where C, is the exhaust _concentration and C_,, is the maximum
concentration at a receptor for a particular wind speed. Three of the most widely-used models are
those developed by Wilson and Chui (1985, 1987), Wilson and Lamb (1994) and Halitsky (1963).

The latter two models are included in the ASHRAE Fundamentals Handbook (1997).

2.1.1 The Halitsky Model

Based on vﬁnd tunnel experiments; Halitsky (1963) developed the following minimum dilution

model, hereafter designated as the H model, for block-shaped buildings with short stacks which

have an emission velocity or exhaust area which is large enough to give significant plume rise.:
D, = [0 +0.11(1 + 0.20)S/A >} (1)

where S is the distance from the source, A, is the exhaust area and o is 2 parameter that depends

on building shape, momentum ratio and orientation of the building. Chapter 15 of ASHRAE

~ (1997) states that:

“the smallest D, occurs along the elevated centerline of the jet plume, where o =1.0is the

appropriate value. Larger values of D,,,, occur on the building surfaces, where a ranges from 2

1020.”

In the present study, o. is conservatively assumed to be 2.0, as recommended by Petersen and

Wilson (1989) and Halitsky (1990).



2.1.2 The Wilson-Chui Model
The Wilson-Chui model, hereafter designated as WC, was developed using results of numerous
wind tunnel experiments which were carried out with isolated building models [Wilson and Chui
(1985,1987), Chui and Wilson (1988)]. In this model, minimum dilution along the plume center-
line is given by:

Dy, = (D, + D"y’ )
where D, is the initial dilution at the exhaust location and D, is the distance dilution which is
produced by atmospheric and building-generated turbulence. The ASHRAE(1993) formulas for
D, and D, are:

D, =1+ 78M> 3)

D,=B,S"/MA, C))
where B, is the distance dilution parameter and M is the ratio of exhaust gas velocity, w,, to the
mean wind speed at the building height, U,. The parameter, B, is the stack capping factor and is
set equal to 1.0 for uncapped stacks. The parameter, B, , is set at a constant value with the
magnitude dependent on the location of the receptors. The previous model specified constant
values of B, = 0.0625 for rooftop receptors and B, = 0.2 for wall receptors. Note that Eq. (2) is
applicable for a flush vent (i.e. h,=0). For stacks with h>0, the critical dilution, D, for the worst
case wind speed, U, can be estimated by:

D = Dy o(Uor Unreoexp Y + YH(Y+1)*]) &)

where D, is the dilution at the critical wind speed U, for a flush vent. The variable Y relates
the plume height with the vertical spread of the plume and is a function of h, and S. Expressions

for D 0, Ueing, Ueriy are provided in ASHRAE (1993,1997).



2.1.3 The Wilson-Lamb M(;del
Dilution data obtained in a field study [Wilson and Lamb (1994)] and a wind tunnel study [Wilson
and Chui (1987)] indicate that B, is strongly affected by the level of atmospheric turbulence in the
approaching flow. Wilson and Lamb (1994) proposed a revised version of the WC D, model
that has since been included in ASHRAE (1997). In the new model, designated as WL in this
report, Eq. 2 remains the same. However, the effect of upstrea:h turbulence on the distance
dilution parameter is approximated by the following formula:

| B, =0.027 + 0.00210, (6)
where 0, is the standard deviation of wind direction fluctuations in degrees and varies between 0°
and 30°. The model suggests that distance dilution has two components -- the dilution due to
building-generated turbulence and that due to atmospheric turbulence. It assumes that D, is
significantly enhanced by atmospheric turbulence. For an urban environment, ASHRAE (1997)
recommends a typical value of 0,=15°, which gives a value of 0.032 for the atmospheric
component of the distance dilution parameter, B,=0.059. Thus, more than 50% of D, is assumed

to be due to upstream turbulence.

The WL model also includes a revised formula for the initial dilution:

D,=1+13pM (7
Eq. 6 is believed to be a reasonable approximation of the dilution that occurs near the stack due
only to turbulence associated with the exhaust jet. Note that the previous formula for D, (Equ.
3) also includes the apparent dilution due to plume rise. Equation 7 is expected to provide a

better approximation of the actual initial dilution of the plume than Eq. 3, it is believed to be more



applicable to situations where receptors may be located above the stack. [Wilson and Lamb

(1994)]

2.2 Previous Field Dilution Studies

A number of field studies have investigated the dispersion of exhaust from rooftop stacks.
Several of these have used relatively small building models in a field setting to evaluate the
influence of various atmospheric parameters [e.g. Ogawa et al. (1983a,b), Higson et al.
(1994,1995), Oikawa and Meng (1997)]. However, the following section focuses on studies
involving real buildings in an urban or suburban environment, which is the topic of the present

study.

Lam et al. (1985) carrted out a tracer gas study to evaluate plume dilution at a fresh air intake on
a large building at the University of Hong Kong. Dilution data were obtained for a sampling
period of only 10-seconds and therefore are not appropriate for the evaluation of minimum
dilution models, which are generally applicable to an averaging time of 10-minutes. Ina similar
study, Lam and Kot (1993) carried out tracer gas experiments using a single source/receptor pair
and evaluated the influence of wind speed on D. As with the previous study, tracer gas
concentrations were obtained for samples of short duration. Furthermore, the influence of wind
direction fluctuations may have been significant since only one receptor was used. Consequently,

comparison with minimum dilution model estimates is probably not warranted.

Georgakis et al. (1995) carried out a series of tracer gas experiments using two buildings at the



University of Toronto. A number of different stacks of varying height and diameter were used in
the study. The sampling period was 15-minutes and thus, the data can be used to evaluate
minimum dilution models. However, the wind direction was often not in direct iine with the
stack/receptor pairs. As a result, some of the dilution measurements are not appropriate for

evaluation of the models.

The most extensive set of tracer gas data involving emissions from rooftop stacks was obtained by
Lamb and Cronn (1986) using a building on the campus of Washington State University (WSU).
A number of experiments were carried out using a variety of stacks with different heights and flow
rates. An array of rooftop and grbund_-level receptors provided a good description of plume
dispersion under different atmospheric conditions. Consequently, the data are more appropriate
for evaluation of minimum dilution models than data of the previously mentioned studies that used
relatively few receptors. However, since the sampling period used in the WSU study was 1-hr, an

averaging time correction is required to allow comparison with model estimates of D,;,.

Wilson and Lamb (1994) analyzed the WSU data set and concluded that an increase in
atmospheric turbulence tends to increase plume dilution. The Wilson/Chui minimum dilution
model was revised to take into account the influence of turbulence on the distance dilution

parameter, B,.

2.3 Comparison of Wind Tunnel and Field Data

The validity of wind tunnel results has been based largely on comparisons with data from field



studies that have not involved emissions from rooftop stacks. For example, Petersen and Ratcliff
(1991) note that wind tunnel simulations of dense gas dispersion have generally compared well
with field results. Petersen (1986) has also obtained excellent agreement between wind tunnel and
field concentrations measured far downwind (6 km) of a stack on an offshore oil rig. Bachlin et
al. (1991) found that wind tunnel concentrations were within a factor of two of field values for a

ground-level source located in a chemical plant.

Martin (1965) measured plume dilution at ground-level locétions downwind of a nuclear reactor
at the university of Michigan and compared the results with wind tunnel dilution values. He
concluded that when the plume is affected by building downwash, mean field concentrations
compared well with mean concentrations measured in the wind tunnel. However, when the plume
was not influenced by the building, peak concentrations obtained in the field correlate well with

wind tunnel average concentrations.

Allwine et al. (1980) carried out wind tunnel simulations of field tests performed at the Rancho
Seco Nuclear Power Station by Start et al. (1977). Wind tunnel concentrations were obtained at
ground-level receptors located from 100m to 800m from the source. It was concluded that the

wind tunnel over-predicted the field concentrations by a factor of 1.7.

It is important to note that the latter two studies compared wind tunnel and field data obtained at
ground-level receptors. The accuracy of wind tunnel modelling of concentrations at receptors on

the roof and walls of buildings has not been studied extensively. Ogawa et al. (1983b) compared



wind tunnel concentrations measured on the surface of a cubical builciing model with
concentrations obtained in a field study carried out with a smal test building. Ground-level
concentrations measured in the wake of the model generally compared well with the field results.
However, concentrations obtained on the model surfaces did not compare well. Consequently, it
was recommended that concentrations measured on the roof and walls of a model building be used

only as qualitative indicators of the dispersion of emissions from a rooftop source.

Results obtained by Ogawa et al. (1983b) may have been influenced by turbulence scale effects
because of the small size of the structure used in the field tests. The size of turbulent eddies
relative to the building dimension was much larger in the field tests than in the wind tunnel

experiments.

Saathoff et al. (1996) compared wind tunnel results with those obtained in the WSU field study
[Lamb and Cronn (1986)]. The evaluation was limited to field tests conducted with moderate to
strong winds, since light winds cannot be modelled well with the wind tunnel . In general, wind
tunnel dilution values compared well with the field data, dilution measurements at most receptors

were within a factor of two of the field data..

3.0 Methodology
3.1 Experimental Procedures
Two buildings in the centre of Montreal, the Hall Building and the BE Building, were chosen for

the study. Both of the test buildings are on the campﬁs of Concordia University. In selecting the



buildings, several factors were considered. These factors included: stack height, stack location,
exhaust flow rate, conventence of access and roof area covered by the plume. The Hall field tests
were performed during the summer of 1997; the BE tests were performed in the autumn of 1997.
After completion of the field experiments, a series of tracer gas tests were performed in the
boundary layer wind tunnel at the Centre for Building Studies of Concordia University. The

modelling parameters used in these tests were determined from data obtained in the field study.

3.2 Field Tests

3.2.1 Hall Building

The Hall Building, located in dowﬁtown Montreal, is one of the main buildings of Concordia
University. It is a 62 m tall structure that contains many of the research and teaching laboratories
of the university. It is surrounded by buildings of similar height and is approximately 500 m
southeast of Mount Royal, a small hill with a peak elevation of 233 m . The relative location of
the Hall Building with respect to Mount Royal is shown in Figure 1. Locations and heights of tall
buildings surrounding the Hall and BE buildings are shown in Figure 2. A photograph of the Hall

Building and surrounding buildings is shown in Figure 3.

This building was chosen for the study, in part, because previous wind tunnel studies have
provided a significant amount of data for cubical buildings. Most of these studies have been
carried out for isolated buildings; one purpose of the present study was to evaluate the influence

of upstream buildings on the dilution process.

10
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Figure 1 Location of Montreal city centre relative to Mount Royal and Dorval Airport.
(Elevations are in meters).
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Figure 2 Location of the Hajj Building and the BE Building and sutrounding buildings.
umber of storeys are indicated for ta)] buildings).

12



The Hall Building viewed from the south.

Figure 3
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Previous field experiments involving the dispersion of a tracer gas have found that concentration
data shoW a significant amount of scatter, even for nominally similar atmospheric conditions [e.g.
Start et al. (1977), Georgakis et al. (1995)}. Therefore, rather than perform the field tests for a
wide range of meteorological conditions, it was decided that it would be preferable to carry out
the experiments on days with similar conditions so that firm conclusions could be made regarding

the data.

The wind climate in the vicinity of the Hall Building is expected to be similar to that of Dorval
Airport, located 20 km west of Montreal. The wind rose for Dorval Airport in Figure 4 shows
that the predominant wind directiohs are west-southwest and northeast. However, the proximity

of Mount Royal tends to reduce the frequency and magnitude of westerly winds in the city centre.

Wind data obtained on a 14 storey building on the campus of McGill University, located 1 km
northeast of the Hall Building, shows the influence of Mount Royal. The McGill wind rose shown
in Figure 5 indicates that in the city centre, the frequency of westerly winds is lower than at

Dorval Airport.

The wind conditions chosen for the Hall Building tests were southwesterly winds with mean wind
speed > 5 ms™. This wind speed category generally corresponds to a neutral or slightly unstable
atmosphere [Turner (1994)] and is therefore suitable for wind tunnel modelling. The decision to
carry out a test on a given day was based on wind forecasts by Environment Canada (Dorval) and

by the availability of personnel from IRSST and Concordia University. Tests were carried out on

14
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Figure 4 Wind frequency chart for Montreal (@ z=300 m) based on Dorval Airport data.
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WIND SPEEDS AT MCGILL 1980-1988
" 300 METERS ABOVE GROUND
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Figure 5 Wind frequency chart for Montreal (@ z=300 m) based on McGill Observatory data.
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June 26, July 2 , July 30 and August 7 of 1997 The wmdspeed on July 2 was somewhat less
than expected and as a result, the dilution measurements for this day were not similar to those
obtained on the other days. However, the July 2™ results provide useful information on the
influence of wind speed on plume behavior for this building geometry. Atmospheric conditions
for the four Hall Building tests are shown in Table 1. The tests were carried out between the

hours 10:30 to 16:40 EDT.

Table 1 Atmospheric conditions for the Hall Building tests (Test duration: >2 hrs)

Date U (m/s) Wind Dir., o /U T
(deg) Y.
June 26, 1997 49 217 0.401 249
July 2, 1997 25 173 0439 26.6
July 30, 1997 4 4% 210* 257
August 7, 1997 5.7 212 0.413 248

* Values estimated

Wind speed and wind direction were measured at a height of 7 m above the roof using a Gill sonic
anemometer. The instrument measures the mean value and the standard deviation of two
horizontal wind speed components (u,, v,) and the vertical wind speed (w,) for the selected
averaging time, The averaging time was set at 5 minutes for the June 26" and July 2™ tests and
increased to 15 minutes for the August 7 test. Details of the sonic anemometer and wind data

analysis procedures are provided in Appendix A.

17



Hourly wind data were also acquired by a meteorological station located on the roof of the
Webster Library Building, which is a 10-storey building adjacent to the Hall Building, as shown in
Figure 2. This station, operated by Professor David Frost of the Geography Department éf
Concordia University, has a Young propeller anemometer mounted at a height of 3 m above the
roof. Due to the low measurement height, wind data from this anemometer are affected by the
flow patterns generated by the Webster Building and nearby tall buildings. Nevertheless, hourly
wind speed data from the station can be used to supplement the sonic anemometer data by
applying a height correction factor, Uy/Uy,.,. Based on data obtained on June 26 and August 7,

this correction factor is approximately 1.8 when the wind direction is southwesterly.

In this regard, it should be noted that wind data were not recorded by the sonic anemometer on
July 30. As a result, wind speed data from the Webster anemometer, adjusted for the difference in
height, have been used in the analysis. Likewise, wind direction data for July 30 were estimated
using the Webster Library data. The Webster data were adjusted based on a comparison of Hall

and Webster data for June 26 and August 7.

Average values of along-wind turbulence intensity, c,/U, for the Hall Building tests are shown in
Table 1, where o, is the standard deviation of along-wind velocity fluctuations. The cross-wind
turbulence intensity, /U, where o, is the standard deviation of cross-wind velocity fluctuations,
was estimated by assuming that o, /U~0.80, [Ogawa et al. (1983a), Oikawa and Meng (1997)].
The average value of o, /U for the Hall Bldg. tests is estimated to be approximately 0.33. Details

regarding the calculation of turbulence statistics are provided in Appendix A.
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the that the standard deviation of wind direction, og, which is the turbulence parameter
speciﬁed in the WL minimum dilution model was not measured in the study. According to Wilson
and Lamb (1994), cg ~ 0,/U when RMS turbulence intensity less than 0.3, where og is measured
in radians. Assuming this approximation is valid for the Hall Bldg. tests, og ~ 0.33 rﬁd, or
approximately 20 °. Thus, substituting g = 20 ° into Eq. 6 gives a distance dilution parameter,

B,, of 0.069.

Locations of the stack and samplers are shown in Figure 6. A fume hood stack(#32A) on the
southwest side of the roof was chosen for the tests as this allowed a significant portion of the roof
to be sampled. Exhaust pararnetefs are shown in Table 2. The stack was approximately 0.5 m in
height and had a square cross-section with a width, d,, of 0.585 m. The exhaust velocity, w, , was
checked with a TSI Velocicalc anemometer during the tests and varied between 13.6 m/s on June
26 to 15.4 m/s on August 7. Stack No.32A is part of a bénk of seven fume hood stacks which
were connected to a number of fume hoods in a chemistry laboratory on the 11® floor of the
building. For the most part, the tests were performed with the adjacent stacks closed to prevent

any influence on the plume of 32A.

A total of fifteen air samplers were used in the study, samplers 1-13 were placed on the roof and
samplers 14 and 15 were located on the 12® floor level on the northeast side of the building.
Note that sampler No. 3 was placed upwind of the stack for the August 7 test after a smoke test
revealed that the plume frequently travels upwind. 1t should also be noted that samplers 1-10

were located in a recessed part of the roof, approximately 2.5 m below the top of the stack.
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Figure 6 Plan view of Hall Building roof showing locations of the stack, samplers and the
anemometer. (Samplers 1-13 are at the 14" storey level, samplers 14 and 15 are at
the 12% storey level).

20



Table 2 Exhaust parameters for Stack No. 32A (Hall Building)

Stack Parameter
Height (h,) 0.50 m
Width (d,) 0.59m
Area (A,) 0.34 m*
Velocity (w,) 147 ms?!
Flow Rate 5.0m’s?

The samplers contained an automated sampling module, designed and built at IRSST, that could
provide up to 10 air samples over a specified time interval. The samples were collected with 1-

litre bags (Cali-5-Bond). Details of the sampling system are provided in Appendix B.

The sampling period per bag was set at 15 minutes, which should allow comparison with mean
concentrations obtained in the wind tunnel. The ASHRAE (1997) minimum dilution model
predictions generally correspond to an averaging time of 10-minutes. However, if stacks and
receptors are located in the same flow recirculation zone (as in the present study), dilution data
are not very sensitive to averaging time. In such cases, ASHRAE (1997) suggests that D, for a
3-min average corresponds to averaging times of 3 to 60 minutes. In the present study, it was not
practical to use a 3-min. averaging time since this would have required many more sampling bags.
It was decided that a 15-min, averaging time would be acceptable for wind tunnel comparisons

and would also allow sampling to continue for more than 2 hours..

In most tests, ten 15-minute samples were obtained by each sampler. Thus the total sampling time_
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was usually 2.5 hours. In some cases, fewer samples were taken due to various technical
problems, such as improper connection of sampler bags, depletion of SF,, and problems with

sampler batteries.

The tracer gas, sulfur hexafluoride (SF), was emitted into a fume hood in a chemistry laboratory
on the 11" floor of the Hall Building. The concentration of SF, was monitored continuously using
a Bruel and Kjaer gas analyzer located in the mechanical room on the 13® floor. The outlet
concentration was usually set at approximately 10 ppm. An exception was the test performed on
July 30 in which the outlet concentration varied between 5.55 ppm and 9.22 ppm over the test
period of 2 hours. It should be nofed, however, that the outlet concentration during each 15

minute period on July 30 was relatively stable.

After completion of each test, the sample bags were brought to the Building Aerodynamics Lab at
the Centre for Building Studies for analysis. Two gas chromatographs (GC), one made by Varian
and the other by Lagus Applied Technology, were used to measure the SF, concentration of the
air samples. Generally, the Lagus GC was used for low concentration samples (C<25 ppb).
Periodically, a bag was analyzed using both instruments to check the measurement procedure.
Concentrations obtained with the two instruments showed very good agreement; deviations in C

were usually within + 10%.

3.2.2 The BE Building

The BE Building is located approximately two blocks south of the Hall Building, as shown in
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Figure 2. Itis a 3-storey bﬁilding that houses the Centre for Building Studies of Concordia
University and several small businesses. A photograph of the BE Building and its surroundings is
shown in Figure 7. Several high-rise structures are within 100 m of the BE building and these
may strongly influence the wind flow over the building, depending on the w1nd direction. Most
significant is the Faubourg Tower, a 12-storey building located across the street from the BE

building on the southwest side.

The BE building was chosen for the study because, in preliminary tests, it was determined that
exhaust from the fume hood stack was being reingested into the building for certain wind
directions. Smoke tests showed that for westerly and northwesterly winds, the plume makes
direct contact with the fresh air intake located on the penthoﬁse. It was determined that the BE
building would provide an interesting test case for assessment of the accuracy of wind tunnel

modelling as well as that of empirical dilution models.

As previously discussed, it was decided that it would be preferable to carry out the field
experiments on days with similar conditions so that firm conclusions could be made regarding the
data. The wind conditions chosen for the BE Building tests were westerly or northwesterly winds
with wind speeds greater than 5 m/s measured at Dorval Airport. Tests were performed on three
days: October 1%, October 10™ and December 2™, 1997. Mean wind data and ambient
temperatures for these tests are shown in Table 3. The fume hood stack on the BE building was
manufactured by Strobic Inc. and is shown in Figure 8. The stack was approximately 3 m in

height and had an outlet diameter, d,, of 1.1 m. The stack parameters are shown in Table 4.
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Figure 7 The BE Building viewed from the west
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Figure 8a “hoto of the test stack on the BE building.
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Figure 8b Dimensions of the BE Bldg. test stack
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Table 3 Average wind conditions during field tests at the BE Building (test duration>2 hrs)

Date U(ms?) Wind Direction o, /U T
(deg) O

Oct. 1, 1997 2 300 5.5

Oct. 10, 1997 45 - 270 0.6 16

Dec. 2, 1997 31 270 0.76 -0.5

1t is important to note that the exhaust is emitted from two nozzles located only 0.76 m from the
top of the stack (see Figure 8b). As a result, the exhaust velocity distribution at the outlet is not

uniform, as shown in Figure 9.

In order to use the WC and WL dilution models, the mean exhaust velocity must be estimated. In
this case, evaluation of w, was difficult because of the nonuniform velocity profile. It could be
argued that the mean velocity measured over the total stack area at the top of the wind band (A,
=0.95 m?) be used. However, w, obtained with this method is approximately 6 m s™ -- much less
than w, measured in the core of the plume (see Fig. 9). This would produce an unrealistic value of

M which would lead to inaccurate estimation of D, and D, (Eqgs, 3,4 and 7).

An alternative method, which was used in the present study, is to evaluate the exhaust velocity in
the core of the plume rather than over the total stack area. The plume was assumed to have an
effective diameter of 0.9 m, based on the velocity distributions shown in Figure 9. The effective
exhaust velocity was determined by taking the average of the velocity measurements obtained
~within this diameter. With this method, w, was found to be approximately 8.1 m s™, which gives

an effective flow rate of 5.2 m?/s.
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effective diameter, 0.9 m (X/D=0.82)
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Figure9  Exhaust velocity distribution at outlet of the BE Bldg. Stack.
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Table 4 Exhaust parameters for Strobic Stack (BE Building)

Stack Parameter
Height (h,) 30m
Outlet Diameter (d,) 1.1m
Effective Diameter 0.9m
Effective Area (A,) 0.64 m*
Velocity (w,) 8.1ms’
Flow Rate 52m’s?

As in the Hall Building tests, fifteen air samplers were used on the BE building. Locations of the
stack and samplers are shown in Figure 10a; the refative heights of the stack and the rooftop
structures are shown in Figure 10b. Due to variations in wind direction, the positions of

the samplers were changéd for each test and thus more than 15 sampler locations are indicated in
Figure 10a. For example, smoke tests carried out before the 2™ test commenced showed that the
plume was frequently brought down to the roof very close to the stack. Consequently, several
samplers were relocated between the penthouse and the stack, as well as on the roof of the
adjacent building to the northeast. The sampler numbers shown in Figure 10a do not correspond

to the field samplers but instead indicate the locations of tappings on the wind tunnel model.
Usually, ten 15-minute samples were obtained at each location. However, in some cases, the bags

did not fill due to improper connections with the pump. Also, some samplers did not work

properly during the 3™ test due to cold temperatures (T=-0.5 °C).
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Figure 10a  Plan view of BE Building showing locations of the stack, anemometer and
sampling locations (numbers indicate wind tunnel model tappings)
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Figure 10b  Perspective view of the BE Building showing relative heights of the stack and
rooftop structures.
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Sulfur hexafluoride was emitted into a fume hood in Building Aerodynamics Laboratory on the
2™ floor of the BE building. The concentration of SF, was monitored continuously using a Bruel
and Kjaer gas analyzer through a sampling tube mounted on the stack. The outlet concentration

was kept relatively constant throughout each test.

Wind speed and wind direction were measured with the Gill sonic anemometer. During the Oct.
1* test, it was mounted on a portable tower, approximately 4 m above the main roof. For the
other two tests, it was placed nearby on a 3m stand on the skylight roof section. The location of
the anemometer is shown in Figure 10a. During the October 1* test, wind data were also
obtained with an acoustic wind prbﬁler (sodar). The sodar was located on the northwest side of

the building, as shown in Figure 10a.

3.3 Wind Tunnel Tests
3.3.1 Wind Tunnel Modelling Criteria
The boundary layer wind tunnel is ideal for evaluating near-field dilution of building exhaust. In
general, exhaust from rooftop stacks is non-buoyant, so Froude number scaling is not necessary.
Furthermore, critical plume concentrations tend to be associated with moderate to strong winds,
since plume rise is usually minimal under these conditions. As a result, simulation of the neutrally
stable atmospheric surface layer ASL is sufficient. With the above simplifications, the following
criteria are important for wind tunne! modelling of near-field plume dilution [ASHRAE (1997)]:

- Geometric Similarity

- Similarity of wind tunnnel flow with the ASL
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- Building Reynolds number (Re, = UD/v) > 11,000 -

- Stack Reynolds number (Re, = w,d,/v)> 2000 [to ensure turbulent exhaust]

- Equivalent stack momentum ratio (M=w,/U)
where v is kinematic viscosity of the air, D is the nominal building dimension and d, is the stack
diameter. The Reynolds number criteria may, in fact, be overly conservative. Castro and Robins
(1977) found that the flow over a cubical model was independent of Reynolds No. for Re, >
4000. Regarding the stack Reynolds number, Wilson and Chui (1985) note that the effect of a
laminar exhaust flow on the dilution process is difficult to quantify. It is worth noting that
minimum dilution models developed by Wilson and Chui (1987,1995) are based on wind tunnel

experiments in which the exhaust flows were laminar.

As previously discussed, the accuracy of wind tunnel modelling of near-field dispersion of exhaust
from rooftop sources has not been thoroughly investigated. One factor that must be considered

when comparing field and wind tunnel data is the effect of averaging time on the field data.

As full-scale averaging time increases, mean concentration tends to decrease due to plume
meander caused by turbulence and fluctuations in wind direction. Wind tunnels are only capable
of modelling plume meander associated with smali-scale turbulence since the walls constrain the
flow in the lateral direction. Mean concentrations obtained in the wind tunnel are usually
assumed to correspond to a full-scale averaging time of approximately 10 minutes [ASHRAE
(1997)]. However, Wiison.(1995) notes that this approximation is applicable for wind tunnels

with a cross-wind dimension that is 10 times as large as the boundary layer thickness. Most wind
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tunnels do not meet this criterion and thus may only be capable of simulating a full-scale

averaging time of 1 to 5 minutes.

A recent comparison of wind tunnel data with field samples having an averaging time of 5 minutes
showed that the wind tunnel may produce less plume dispersion than the atmosphere even for
very short averaging times [Higson et al. (1994)]. Maximum wind tunnel concentrations obtained
in this study were higher than those for the test building. Minimum wind tunnef concentrations,
on the other hand, were lower than the field concentrations at corresponding locations. This

indicates that the wind tunnel plume is more narrow than that produced in the atmosphere.

When the source and receptor are in the same recirculation region, as in the present study, the
effects of averaging time are expected to diminish. ASHRAE (1993,1997) suggests that, in this
case, dilution values obtained using a 3-min averaging time are applicable to averaging times of

up to 1 hour.

3.3.2 Experimental Methodology

Wind tunnel experiments were carried out in the boundary layer wind tunnel at the Centre for
Building Studies, Concordia University. Models of the Hall Building, BE Building and the
surrounding buildings within a radius of 450 m were constructed at a scale of 1:500. Photographs

of the wind tunnel models of both buildings with their surroundings are shown in Figure 11.

Steel tappings, which had an outside diameter of 1.2 mm were placed in the models at the
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Figure 11b  Wind tunnel mode! of the BE Building.
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locations of the samplers in the field tests. The Hall Building model had 16 tappings; the BE
model had 26 tappings. Locations of tappings on the Hall and BE Buildings are shown in Figure

6 and Figure 10a, respectively.

A suburban exposure, with a power law exponent (e) of 0.25, was used to simulate the
atmospheric boundary layer th_at exists far upwind of the test section. The transition to an urban
type boundary layer at the test section is simulated using the models of the surrounding buildings.
Vertical profiles of mean velocity and turbulence intensity are shown in Figure 12. It should be

noted that the boundary layer simulation corresponds to neutral atmospheric stability.

No attempt was made to model the influence of Mt. Royal on the results because of the

~ difficulties in constructing the hill profile for a variety of wind directions. The hill is not expected
to have a significant influence on the results obtained with either test building. Regarding the Hall
Building tests, the hill was not upwind and so its effects should be minimal. The terrain effects
may be more significant for the BE Building since the hill was upwind for these tests. However, it
is assumed that the tall buildings near the BE building will have a much greater influence than the

hill on plume behavior.

A key parameter for modelling plume rise is the exhaust momentum factor, M, which is the ratio
of exhaust speed to wind speed. The experiments were carried out by adjusting the exhaust flow
rate and wind speed to match the value of M obtained in the field study. The reference wind

speed, U,, was measured at the location of the anemometer onh each test building. Since this
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Figure 12 Vertical profiles of mean wind velocity and turbulence intensity obtained with a
suburban exposure in the CBS boundary layer wind tunnel.
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location is above the height of the exhaust stacks, the reference wind speed may have been higher
than the wind speed at stack height. This was especially true for the Hall Building stack, which
was located in the flow recirculation zone. Likewise, turbulence intensity measured at the

reference height was probably lower than the value near the stacks.

Sulfur hexafluoride (SF4) was used as the tracer gas for the wind tunnel experiments. A certified
mixture of SF, and nitrogen was emitted from a model stack and the mean concentration of SF; at
air intakes was measured using a Varian gas chromatograph. Samples of air were collected via
plastic tubes which were attached to steel tappings on the model surfaces. At each tapping, five
samples were collected over a period of 2 minutes to obtain stable estimates of mean
concentration. The measurements were generally repeatable to within £10%. Tracer gas

concentrations were obtained at receptors on the roof of the building model.

Mean wind speed and turbulence intensity were measured with a TSI hot film anemometer. The
values of w, and M were varied by precisely controlling the flow emitted from the stack. Because
of the small diameters of the model stacks (d,), the stack Reynolds number, usually did not exceed
the critical value of 2000 required to ensure turbulent flow. Values of Re, depend on the value of
M, which was varied from 1.0 to 3.0 for the Hall tests and from 2.0 to 4.0 for the BE Bldg.
Furthermore, for a given M value, the exhaust velocity will vary depending on the wind direction.
For the Hall Building tests, stack Reynolds number varied from 400 to 1800 compared to the full-
scale value of 5.7x10° . For the BE Building tests, Re, varied between 500 and 1900 compared to

the full-scale value of 5.5x10°. In the present study, relaxation of the Reynolds number criterion
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is not expected to affect the results since the plumes should be dominated by building-generated

and atmospheric turbulence even very close to the stacks.

4. Results

Results of the Hall Building and the BE Building studies will be presented separately. In each
case, data obtained in the field tests will be discussed and compared with the previously described
dispersion models. Comparison of the field data with wind tunnel results will follow.

4.1 Hall Building

4.1.1 Field Study

As discussed previously, field tests were carried out on June 26, July 2, July 30 and August 7,

1998, except for the July 2 test, the experiments were carried out in similar wind conditions.

Figures 13-16 show wind speed and direction data obtained on the roof of the building during
tests 1 to 4, respectively. Also shown are data obtained at Dorval Airport and by the Webster

Library anemometer.

Assuming the Hall anemometer is not influenced by nearby buildings or topography, differences
between Hall wind speeds and Dorval speeds are due to differences in upstream roughness and
measurement height at the two locations. Wind speeds generally increase with height in the
boundary layer; an increase in upwind roughness, on the other hand, will reduce the wind speed at
a given height. Thus, by taking into account these two factors, the Dorval data can be used to

estimate wind speeds at the height of the Hall anemometer. The correction factor to apply to the
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Figure 13 Wind data obtained during Hall Building Test No. 1 (June 26, 1997).
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Dorval data is:

Uttat'Uporvat = (Z80c Zperad”* (Z /28t )™

Us/Upera = (300/10)* (70/500)°2 = 0.96
where Zg_. is the height of the atmospheri¢ boundary layer (ABL) for open country terrain and
Zg ., is the ABL height for urban terrain. Thus, wind speeds at the Hall Bldg. should be
approximately equivalent to Dorval wind speeds and the data generally confirm this. However, it
. should be noted that this is true only when no nearby large obstructions exist upwind. The data
obtained on June 26 indicated that the wind speed increased at Dorval when the direction shifted
from SW to W. The Hall Building anemometer did not record an increase in U during this period,

probably due to the presence of M, Royal upwind. -

The wind speed at the Webster Library is lower than expected for an elevation of 51 m. In the
unobstructed flow, the wind speed should be O.SSUW at this elevation. However, the actual
ratio of Uy, t0 Up,.y 15 Only 0.5 approximately. This is largely due to the low height of the

anemometer above the roof (3 m) and the presence of upstream buildings.

Concentration data are usually converted to dilution values to allow comparison between tests.
However, if the outlet concentration remains constant, the sampler data can be compared directly.
Concentration distributions for two typical sample periods, No.1 and No. 2 on June 26, are
shown in Figure 17. Values of C obtained in sampling period No. 2 were approximately 3 times
higher than those obtained in sampling period No. 1, at all rooftop locations. For example, at

tapping 5, in the center of the roof, C increased from 25 ppb for sample 1 (Fig. 17a) to 75.5ppb
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for sample 2 (Fig. 17b). The higher concentrations obtained in sampling period No. 2 may be due
to an increase in stack momentum ratio, M. As will be discussed, slight variations in M can

produce large changes in concentration at rooftop receptors.

High correlation between samplers is evident, suggesting that fluctuations in the 15-min. average
concentration are due mainly to variations in the frequency of wind gusts during the sampling
period. A gust brings the plume down to roof level and thus, increases the instantaneous
concentration at each location. The mean concentration will tend to increase with the frequency
of gusts. Smoke tests carried out during another test showed that the plume trajectory varies
significantly over the 15-min sathbling period. The plume rise varied from 1 m to more than 10 m

and the plume made frequent excursions upwind.

It is convenient to express the tracer gas concentrations in terms of dilution, D=C_/C, since
design formulas provide estimates of D. Dilution data obtained during Test 1 (June 26) are
plotted in Figure 18 as a function of distance from the stack. Also plotted are minimum dilution
curves obtained using the H, WC and WL models. For the H model (Eq. 1), the parameter o. was
set equal to 2.0, as recommended for rooftop receptors [ASHRAE (1993), Halitsky (1990)]. For
the WL model, the value of B, depends on the level of atmospheric turbulence, o, at the building
height. Based on the turbulence measurements during the tests 1, 2 and 4, g, is assumed to be

approximately 20 °. Thus, from Eq. 6, a value of B,= 0.069 is used for the WL model.

The exhaust momentum ratio, M, is required as input to the WC and WL dilution models to
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obtain the initial dilution and distance dilution (see Eqs. 3,4 and 7). Inthis case, the average M
value for the entire test period (M=2.79) was used to plot the D, curves in Figure 18. Note,

however, that M values for the 15-min samples varied from 2.43 to 3.24.

Figure 18 shows that both the WC and WL models predict D, well for Test 1, as most of the
measured dilutions are above the model predictions. In comparisoh, the H model is conservative
since it underpredicts D,, at rooftop locations by factors of 2.5 to 8. The H model could provide
more accurate prediction of D, if o was increased from the recommended value of 2.0 - see
Section 2.1.1 — to a value of 5.0, say. However, a building designer will generally not have a

priori knowledge of the “correct” value of .

Dilution data obtained during Test 4 (August 7) are shown in Figure 19 and are generally similar
to data for Test 1. The WC and WL models provide accurate estimates of D, while the H
model underpredicts minimum dilution values by at least a factor of 3. The similarity in results of
Test 1 and Test 4 may be due to similar M values. The exhaust momentum ratio in Test 4 varied

between 2.41 and 3.35 and the average value of M of 2.72 was almost identical to that in Test 1.

It should be noted that Test 4 was carried out with sampler No. 3 approximately 4.5 m upwind of
the stack, as shown in Figure 6. The sampler was moved to this location at the start of the test
after a smoke test revealed that the plume made frequent excursions in the upwind direction.

The low values of D obtained with sampler No. 3 (170 <D < 280) show that, for this building

geometry, reingestion of stack exhaust may be significant even if the air intake is upwind.
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Dilution data for Test 2 (July 2), obtained d;iring iow wind ;:onditions, are shown in Figure 20,
The momentum ratio varied between 4.42 and 9.5, the average M value of 6.46 was used to plot
the WC and WL D, curves. In this case, minimum dilution estimates obtained with the WL and
H models are well below the measured values , with the H model being always more conservative.

On the other hand, some of the dilution data fall below the WC D, curve.

The overprediction of dilution by the WC model is due to the high M-value, which produces an
unrealistically high value for initial dilution. Note that the initial dilution obtained from Eq. 3 is
293, which is very close to dilutions obtained at a significant distance (S = 37 m) from the stack.
Considering that distance dilution should be relatively large for S > 30m, it is clear that the WC

model overestimates the D, component of total dilution when M is large.

It should also be noted that, for all three models, the discrepancies between measured and
predicted D may be partly due to large changes in wind direction that occurred during Test 2

During some sample periods, the wind direction deviated significantly from the critical direction.

Minimum dilution data obtained during Test 3 (July 30) were lower by a factor of 2 than data
obtained during the other tests. Dilution measurements for this test are shown in Figure 21 along
with the minimum dilution curves obtained with the three models. In this case, the WC and WL
models tend to overpredict D, by a factor of two while the H model is moderately conservative.
The reason for the low dilution measurements is not clear, although wind tunnel results to be

discussed in the next section, suggest that the wind direction and/or momentum ratio may have
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HALL BUILDING FIELD TEST
July 2nd, 1997
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HALL BUTLDING FIELD TEST
July 30th, 1997
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Figure 21 Dilution data obtained at all samplers during Hall Test No. 3 compared with
ASHRAE minimum dilution curves.
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been cnitical in this case. Although wind data was not available from the Hall Building
anemometer, data from Dorval Airport indicate that winds were from SSW at the beginning of the
test when the lowest dilution values were obtained. On the other hand, winds were generally

from the SW during the other high wind tests (Tests 1 and 4).

Prior to discussing the wind tunnel data, a brief description of the time variation of the full-scale
data may be beneficial. Dilution time series obtained with each sampler during the four tests are
shown in Figures 22 to 25. One of the most striking characteristics of the time series plots, in
general, is that the correlation between samplers is very high. Low dilution values at a particular
sampler tend to coincide with low dilution at most of the other samplers, regardless of location.
For exa1;nple, Figure 22 shows that in Test 1, a minimum was recorded at most locations in
sample period no. 2. Likewise, Fig 24 shows that in Test 3, low dilution values for the 1" sample
were followed by higher D values for the 2™ sample at each location. Thus, it appears that
variations in plume trajectory (e.g. plume rise, % of time plume travels downwind, etc.) tend to

affect all downwind locations in a similar way.

More evidence of this is provided in Figure 25 which shows dilution data for Test 4. In this test,
sampler no. 3 was moved upwind of the stack and thus, it may be expected that data for this
sampler would show a negative correlation with data from the other samplers. Although dilution
values were relatively stable throughout the test, a minimum occurred in period no. 6 at most
locations. However, at location no. 3, the maximum dilution was recorded during period no. 6,

indicating the plume made fewer excursions upwind during this 15-min interval.
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Another significant aspect of the time series Ipiot's is the degree of variability in the data over the
entire test period. Fig. 24 shows that in test 3, data at all locations did not vary significantly after
the 1* sample period. Values of D generally varied by less than a factor of three. On the other
hand, significant variation with time is evident in the other tests, especially Nos. 1 and 2. This is
not surprising for test 2, which was associated with large variations in wind direction. Intest 1,
however, wind direction was relatively constant. Nevertheless, values of D varied by more than

a factor of ten at some locations during test 1.

4.1.2 Wind Tunnel Study
Numerous wind tunnel experiments have been carried out with the 1:500-scale model of the Hall
Building. The results of these tests have been very useful in understanding the field data, but

also raise additional questions.

Distributions of wind tunnel and field dilutions obtained with M~3.0 are shown in Figures 26
and 27 for 6~205° and ©6~215°, respectively. It should be noted that the uncertainty of the 15-
min. average values of © obtained in the field study is expected to be + 5 °. (5-min average
values of © varied by more than 20 ° during the sampling periods). Both sets of field data were

obtained during Test 1 (June 26).

Figure 26 shows that for 6~205 °, the wind tunnel data compare well with the field results; at
most locations, the field dilution, Dy, is within a factor of two of the wind tunnel dilution, D,

In most cases, D, was less than D,,. The largest discrepancy occurred at location 13 where the
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wind tunnei dilution is approximately three times the field value (Dg,,=618, D,=1555).

Figure 27 shows that with the wind direction approximately normal to the SW face of the building
(6~215 °), the wind tunnel data generally compare well with the field data for s>10 m. However,
at locations closest to the stack (Nos. 1, 2 and 3), D, is greater than D, by as much as a factor
of four. On the other hand, Dy, exceeds D, by a factor of 2 at location 12 near the downwind

edge of the roof and at locations 14 and 15 on the 12® floor level.

Effectof M on D,

Wind tunnel experiments were performed to evaluate the influence of M on dilution measured at
selected tappings. The vgriation of D, with M at tappings 2, 5, 8 and 12 is shown in Figure 28
for ©=210° and 6=215° At ©=210°, dilution increases with exhaust momentum when
1<M<3.25 but drops significantly for M>3.5. Similar results were obtained for 6=215 °,

although D remained high until M reached 3.75.

The magnitude of the reduction in D at high M depends on tapping location, with intermediate
tappings being most strongly affected. For example, at 6=210 °, dilution is reduced by a factor of
four at intermediate tappings 5 and 8 when M is increased from 3.25 to 3.5. On the other hand,
the reduction factor is only 2.5, approximately, for tappings nearest the stack (Tap 2) and farthest

from the stack (Tap 12).

The critical M value, M, at which the dilution decreases appears to vary with wind direction. It
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should be noted, however, that the uncertainty of M values is reiatively high since the estimate of
M is based on the reference wind speed which is highly dependent on measurement location and
wind direction. In addition, the flow out of the model stack is laminar and this produces some
uncertainty in the estimated value of exhaust velocity, w,. Additional tests should be performed
to determine whether M, varies significantly with 6. Furthermore, stack location and stack

height may also affect M,,; the influence of these parameters will be investigated in the future.

The variation of D with M shown in Figure 28 is probably typical of buildings with small aspect
ratio, L/H, where L is the building dimension in the flow _direction. For this building geometry,
the flow separation region covers the entire roof when the wind direction is approximately normal
to the front face. Asa rgsult, the trajectory of a plume from a rooftop stack can vary significantly
depending on the plume momentum. For example, if M is small (<0.5), the plume will make
frequent excursions upwind. As M increases, however, the plume will more often travel

downwind although upwind excursions still occur.

For large aspect ratio buildings, on the other hand, the flow reattaches near the leading edge and
thus, the flow circulation region is small. This case is associated with a decrease in D at

locations far downwind of the stack as M increases.

The effects of wind direction and exhaust momentum on wind tunnel dilution values, D,,, are
shown in Figure 29 for five selected locations (Nos. 2, 5, 8, 12 and 15). Tappings 2, 5, 8 and 12

are located on the roof, roughly along a line that extends from near the stack (tap 2, S=8.6 m)to
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the trailing edge of the building (tap 12, $=38.2 m). These tappings are expected to be
representative of the other rooftop tappings. Tapping 15 is located on the leeward side of the
building at the 12-storey level. Results obtained at this tapping should be similar to those

obtained at Tapping 14.

For comparison, Figure 29 also shows Dy, obtained at the five locations during Tests 1, 3 and 4.
Field data obtained in Test 2 have not been included since dilution values for this test were large
and hence are not relevant in the following discussion of minimum dilution. (Recall that the
wind direction and M value associated with Test 3 data were estimated using wind data from

Dorval Airport.)

The values .o-f M specified in Figure 29 for the field data are average values for each 15-min
sample period. However, wind speed measured at 5-min intervals during Test 1 exhibit
significant low-frequency unsteadiness. Consequently, M values exhibit a similar unsteadiness.
For example, in 15-min sample period 3 of Test 1, the 5-min avg. M values were 2.0, 2.27 and
3.4. The variability of M may éxplain the relatively large scatter of Dy, values plotted in Figure
29. Although the average value of M in this example was only 2.43, M may have exceeded the

critical value during much of the sample period and thus produced lower than expected dilution.

Wind tunne! dilution data obtained at the tapping nearest to the stack (Tap 2, $=8.6 m.) were
generally larger than the field values. Values of D, obtained with M=2 and M=3 were

approximately two to five times as large as Dy, for 6~200-225 °. The amount of field data
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obtaiined with € > 225 ° is too small to allow comparison wita the wind tunne! values. However,
it is interesting to note that for ©=230 ° and ©6=235 °, D,, values obtained with M=3 are
significantly lower than those obtained with M=2. Clearly, the drop in D,, at M=3 is an example
of the critical M phenomenon illustrated in Figure 28. Although M,,; for 6>230 © appears to be
less than the values obtained for ©=210-215 °, additional experiments are required to determine

the influence of wind direction on M., .

Data for tappings 5, 8 and 12 shown in Figure 29 indicate that the wind tunnel predicts the field
dilution better as distaﬁce from the stack increases. At tapping 5 (§=16.6 m), D, generally
exceeds Dg.y. For example, the wind tunnel overestimated the field dilution by a factor of two for
6 between 215 ° and 225 °, although good agreement is evident when the critical M value was
reached. Data for tappings 12 and 8 are in better agreement with the field data — in fact, at the
farthest tapping (T12), the wind tunnel generall& provides conservative estimates of dilution. The
field data for Test 3 appear to be an exception, as they tend to be lower than D, at this location.

However, the low values of D for this test may be associated with high M values.

4.1.3 Summary of Findings from the Hall Building Study
The field and wind tunnel experiments with the Hall Building have provided a significant amount
of data regarding the dispersion of exhaust from the roof of a cubic-shaped building in an urban
environment. The major findings of the study are:

1. The Halitsky model gives highly conservative predictions of minimum dilution.

The accuracy of the model can be improved by adjusting the parameter, .
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However, the magnitude of the adjustment may be difficult to determine since it
depends on various factors (e.g. building shape, stack height, exhaust momentum
ratio and locations of receptors.)

The minimum dilution models of Wilson-Lamb and Wilson-Chui generally provide
reasonable lower bounds for D, althoggh both models produced unconservative
predictions of some of the field data.

The initial dilution formula of the Wilson-Chui model overestimates D, when M is
large (M>4). The Wilson-Lamb formula for D, provides better estimates of initial
dilution when M is large.

The Wilson-Chui minimum dilution model with a revised formula for initial
dilution is recommended because it is simpler than the Wilson-Lamb model and
also more conservative for urban environments.

Dilution data‘ obtained in the wind tunnel study are generally within a factor of two
of the field data. The agreement between the wind tunnel and field data improves
as distance from the stack increases.

Results of both the field study and the wind tunnel study indicate that the behavior
of the plume is dramatically affected when the momentum ratio of the exhaust flow
reaches a critical value of approximately 3.5. For M>3.5, dilution is reduced
Qigxﬁﬁcant!y at all rooftop locations. This suggests that the use of high velocity
stacks on cubical buildinés may actually increase pollutant levels under certain
wind conditions. Further experimental work will be carried out to investigate the

influence of various parameters on this phenomenon.
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4.2 BE Building
4.2.1 Field Study

The field tests on the BE Building were performed on three &ays in October and December of
1997 during periods of moderately strong winds. Unlike the Hall Building tests, the sampler
locations were not the same for each test. Smoke tests carried out prior to Test No. 2 and Test
No. 3 indicated that the wind direction was predominantly westerly during these tests, as opposed
to west-northwesterly in Test 1. Consequently, the samplers were relocated in the latter two tests

to ensure that some of the samplers would be near the center-line of the time-averaged plume.

Field tests were carried out on chober 1, October 10, and December 2, 1997. Figures 30-32
show wind speed and direction data obtained on the roof of the building during these tests. Also
shown are data obtained on the library building and data obtained at Dorval Airport. Note that
the raw wind speed data from Dorval have been modified to take into account the height of the

BE Building and the increase in roughness associated with an urban exposure.

If it is assumed that differences between BE wind speeds and Dorval speeds are mainly due to
differences in upstream roughness and measurement height, the correction factor to apply to the
Dorval wind speed is:

Use/Upona = (Z80 Zporad)”* (Z 56/ Z )°**

Use/Upera = (300/10)*% (19/500)*% = 0.67

However, measured values of Upg/Upqn,y during the three field tests varied between 0.33 and 0.50,

67



10

U mis
L]
1}
}
1
i

[—a—Borval_cor |
—8—-BEBidg |

:
v [
0 : -
10 11 12 13 14 s "
Time (h)

a) Wind speed

(3
~
a

Wind Direction (deg)
B

180 —— -

123
i Doyl
) £ ~5—BE g
“ £l et \Nabstar
0
10 1" 12 . " - .
b) Wind direction Tire (hr)

Figure 30 Wind data obtained during BE Building Test No. 1 (Oct. 1, 1997).

68



B

14

N R

wl o

mis

=—=Dorval_cor
~~5— BE Bidg
[tr—Webster
-=
5 E
o [
g - —— g
B 9 10 11 12 13 14
Tuna (hr}
a) Wind speed
kL I e Tt —
M5 | e e
= e
Y — - b
g
[
g
F]
g us| -——j—
D
£
3
10} e f———— =
138 - == e
= Dotval
= —E-BE Biig
5 ) :E | —dr~Websier
L [ e
o0
] n 12 12 7} 15 18
Time (h)

b) Wind direction

Figure 31 Wind data obtained during BE Building Test No. 2 (Oct. 10, 1997).

69



12

10

mis

a1 - —eTBoval_tor
—E5-- BE Biig
. =gy Webilet
2 -
g £
0 .
10 1 12 13 14 15 186
Timea (hr)
a) Wind speed
80 -
18
fasy A ey ‘:./E__E\A 25 = -2
5 * —E—=—5— Wb 4
]
[
8
[*]
F-JFTTY
<]
b}
&
2
W -
T ——
5 —8-BE Bidg
é = —d—Webster
%0
9 " 12 13 14 15 %
Time (hr)

b)  Wind direction

Figure 32 Wind data obtained during BE Building Test No. 3 (Dec. 2, 1997).

70



i.e. lower than predicted by the above equation. This is partially due to the presence of large
buildings and the hill upwind. Furthermore, the anemometer was located at a height of only 2 m
(Oct. 1*) or 3 m (Oct. 10th, Dec. 2°®) above the roof and was thus inside the separated flow

region. Unfortunately, it was not feasible to install a higher tower on the roof of the BE Bldg.

During the Oct. 1" test, wind data were also obtained by an acoustic wind profiler (sodar). The
sodar measures wind speed, wind direction and turbulence level at heights up to 300 m by
'recording the movement of temperature perturbations. Wind data obtained during two 15-min
intervals at the end of the tracer gas test are shown in Figure 33. At a height of 40 m above the
roof (z=54 m), the sodar wind speéd was approximately 5.3 m/s. This compares reasonably well

with the wind speed of 5.8 m/s obtained on the roof of the library building (z=51 m).

Wind direction measurements obtained with the sodar show significant variation with height. The
average value of © at a height of 20 m was approximately 278 °; this is somewhat lower than the
value of 300 ° obtained with the sonic anemometer.

The time variation of dilution measured at all locations during the tests on Oct. 1*, Oct. 10® and
Dec. 2™ are shown in Figures 34 to 36, respectively. (Note that not all of the 15 samplers were

operational during each test.)

The dilution values generally exhibit remarkable consistency throughout the tests. The ratio of
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maximum to minimum dilution is approximately 2 at most locations. An exception occurred for
sampler No. 6 on Oct. 10® which showed variations in D of more than a factor of 10. In this case
the sampler was located relatively near the stack but well off the plume axis (at Location 3, Figure

10a) and thus the intermittency of concentration was high.

The BE Bldg. dilution data are plotted as a function of distance from the stack in Figures 37-39.
Also plotted are minimum dilution curves obtained with the Halitsky (H), Wilson-Chui (WC) and
Wilson-Lamb (WL) models. For the WL model, the distance dilution parameter was set at the

maximum value of 0.09 since the turbulence levels were very high during all of the tests.

The WC and WL D, curves were plotted using the average M value for the entire 2.5 hour
sampling period of each test. Estimated values of M for individual 15-min samples for each test
are shown in Table 5. The 15-min M values were generally within +20% of the average value for

the entire test. However, larger variation of M is evident for the Oct. 1* test.

When comparing measured and predicted dilution values, it is important to recall that the WC and
WL models were developed for flush vents. The models are not strictly applicable to receptors on
the main roof since the stack outlet was approximately 3 m above the roof. They are expected to
give conservative predictions of minimum dilution for these locations. On the other hand, the
models are more appropriate for the penthouse samplers since these ﬁre most likely to make direct

contact with the plume.
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Figure 37 Dilution data obtained at all samplers during BE Test No. 1 compared with
ASHRAE minimum dilution curves.
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Figure 39 Dilution data obtained at all samplers during BE Test No. 3 compared with
ASHRAE minimum dilution curves.
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Takle § Estimated M values for 18-min samrling perieds (BE Ridz,)

Sample No. Oct. 1* Oct. 10* Dec. 2™

1 43 1.9
2 6.0 1.7
3 39 2.0 32
4 3.5 1.7 2.7
5 38 1.7 " 2.6
6 4.6 1.7 23
7 1.4 2.9
8 1.4 3.1
9 33 2.1 2.0
10 5.4 | 2.5 2.8

Avg M 43 18 2.7

In this regard, the Halitsky model parameter, o, was set equal to 2.0 as recommended for elevated
plumes with rooftop receptors. However, for some of the penthouse receptors, it could be argued

that a should be set equal to 1.0.

The measured dilutioﬁ values for the Oct. 1" test (M,,,=4.3) are generally well above the WL D,
curve at most locations, as shown in Figure 37. Except for one sample obtained at S=15 m,
minimum dilution measured at locations near the plume centre-line are approximately 1.5 times
the predicted values. The under-prediction of D, by the WL model is largely because the
elevated plume did not make direct contact with the samplers, except instantaneously. In
addition, the mean wind direction was not critical for most of the samplers.
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The Halitsky modei uncerestimates D, at all locations by at least a factor of 5. On tie other
hand, the WC curve exceeds the measured dilutions at several receptors by as much as 1.5 times.
The differences between the WC and WL model predictions are due mostly to the different
formulas used to calculate initia! dilution, D,. Recall that D, = 1 + 7M?*for the WC model and

D, =1 + 13M for the WL model. For moderate exhaust momentum (1<M<2.5), the two formulas
give similar values of D, However, for high M (M>4), the WC formula gives significantly higher

initial dilution than the WL model.

For the Oct 1* test (M=4.1), D, obtained with the WC model is 119, approximately twice as large
as the WL value of 54. The WC approximation of initial dilution appears to be too large in this
case since measured dilutions near the stack are well below the WC D,;, curve in Figure 37.
Close to the stack, the initial dilution comporent cf total dilution is much larger than the distance
dilution component. Thus, the WC model’s overestimation of measured dilutions at $=9.3 m and
§=15.3 m (Locations 8 and 10, Fi'g. 10) is due to the overestimation of D,. On the other hand, the
WL formula for D, appears to be a better approximation, at least for this data set, since most of

the data lie above the WL D, curve.

Dilution data obtained on Oct. 10" (M,,=1.8) are shown in Figure 38 with the WC, WL and H
minimum dilution curves. In this case, little difference is observed between the WC and WL
curves. Since M, is relatively small, both models give approximately the same initial dilution and
thus similar values of D, near the stack. The WC model becomes slightly more conservative

than the WL model as distance from the stack increases since the former uses a lower value of B,.
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For the most part, all three mode!s provided conservative estimates of the Oct. 10™ minimum
dilution data. As expected, the largest discrepancies were observed with the H model, which
underestimated D, by at least a factor of three. The WC and WL models underpredicted D, ,, by
at least a factor of two at most receptors. An exception was the penthouse sampler closest to the
stack (§=4.7 m), which obtained some dilution values that were slightly less than predicted by the
WC and WL models. It is important to note, however, that the app.arent conservatism of the
models is somewhat misleading since the wingd direction (WNW) was not critical for most of the

samplers.

Dilution data and D, curves for the Dec. 2™ test (M, =2.7) are shown in Figure 39. As with
the Oct. 10" test, the Hallitsky curve underestimates the measured dilution at all locations, at least
by a factor of three. Likew1se, the WC and WL models underestimate the measured dilution at
most locations due to the effects of plume height and/or wind direction. However, these models
overpredict some dilution values obtained at sampler No. 8 (S=11 m) by a factor of 2,
approximately. The discrepancy between measured and predicted dilution is slightly larger for the

WC model because it assumes a larger initial dilution (D,=52) than the WL model (D =36).

The over-prediction of D, at S=11 m by the WC and WL models suggests that both models
overestimate the initial dilution of the plume. Another possible cause of the overprediction of
dilution at this receptor is that the value of the distance dilution parameter, B,, used in each model
is too large. However, considering that the lowest measured dilution at S=11 m (D~ 35)is

approximately equal to D,, extremely low values of B, would be required to fit the WL and WC
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models to the data. A significant reduction in B, is not realistic since the high levei of wrbulence
in the approaching flow (o,/U>50%) should enhance dispersion of the plume. Consequently, it is

more likely that the initial dilution approximation of the models should be revised.

Additional data obtained near the stack on the plume centre-line would be required to obtain a
better estimate of D,. Likewise, more samplers would be required at distances greater than 10 m
in order to evaluate the adequacy of B,values that are assumed. Unfortunately, it was not possible

to place samplers in the path of the plume at larger distances for the Dec. 2 test.

It should also be noted that the usé of the average M value for the entire 2.5 hr sampling period as
input to the models may have increased the discrepancy be';ween predicted and actual dilution
values. Each 15-minute sample, with its own specific M value, could have been used to evaluate
the minimum dilution models. As shown in Table 5, the 15-min M values obtained in the Oct. 10®
and Dec. 2™ tests were fairly consistent. However, the Oct. 1" data showed greater variability.
Considering the uncertainties associated with the measurement of w, and Uy, the use of 15-min M

values is probably not warranted.

4.2.2 Results of BE Building Wind Tunnel Study
A series of wind tunnel experiments were carried out to evaluate the influence of wind direction
and exhaust momentum on plume dilution at various rooftop locations on the BE Building.

A total of 26 tappings were placed on the model of the building as shown in Figure 10a. These
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correspond to the locations of samplers during the field tests.

Before discussing the results of the wind tunnel study, it is important to note poss{ble sources of
uncertainty in the results. Firstly, high turbulence levels, .of the order of 25%, at the reference
height above the roof of the BE Bldg. model will cause the hot film anemometer to overestimate
the mean wind velocity. Consequently, the M values may have been underestimated. No attempt
was made to adjust the M values to account for the bias in measured wind speed due to other
sources of uncertainty in the measurements. For example, wind velocity measurements are highly
sensitive to the loﬁation of the hot film probe since large velocity gradients exist in the flow above

the model roof.

The second major source of uncertainty concerns the effect of upstream terrain. Wind tunnel tests
were carried out with a standard suburban boundary layer flow without modelling Mount Royal
upwind since it was felt that the tall buildings in the vicinity of the BE Bldg would dominate the
flow. However, the dispersion process may be affected by larger scale flow patterns produced by
Mount Royal. The influence of the hill on the results may be the subject of a future study. It
should be realized that the effect of the hill was assumed to be negligible in the Hall Building tests

because the wind direction was southwesterly.

Finally, it should be noted that the stack diameter of the BE Bldg. model was based on the outlet
diameter of the Strobic stack (d,=1.1 m). However, after the wind tunnel experiments had been

completed, it was determined that the effective diameter of the Strobic stack was somewhat less
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tnan the actual diameter beczuse of the form of the velecity profils (see Fiz. 9). The effect cf this
mismatch in model scale on dilution measurements is expected to be small since, for a given value
of M, D, is relatively insensitive to variations in stack diameter. In addition, since the exhaust

flow profile from the model stack was usually laminar, use of the correct model scale may not

have been appropriate anyway.

Figure 40 shows contour plots of dilution obtained in the wind tunnel for M=3 when the wind
direction was northwesterly (6=300 °). Also shown are typical field results obtained on Oct. 1 for
approximately the same wind direction. The average M value measured during the field test was
approximately 3.3. The field data are generally within a factor of 2 of the wind tunnel results for

M=3.

Figure 41a shows wind tunnel data obtained with a westerly wind (=270 °) for M=2.
Field data obtained on Oct. 10 for approximately the same wind direction and M~1.8 are shown in
Figure 41b. The field data compare reasonably well with wind tunnel results for M=2, especially

on the penthouse.

The influence of wind direction on wind tunnel and field dilution values for selected locations on
the penthouse is shown in Figure 42, similar data are shown in Figure 43 for locations on the main
roof. Wind tunnel dilution curves are plotted for M=2 and M=3 since much of the field data were
obtained in this range. Considering the uncertainties in estimating M and © for the field tests, the

agreement between wind tunnel and field data is quite encouraging.
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Figure 40 Contour plots of wind tunnel and field dilution for the BE Building (M~3,6=300°)
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At penthouse location 7, wind tunnel dilution curves for M=2 and M=3 show similar variation
with 2 (Fig. 42a). Minimum dilution values of 50 to 100 occur for 260 °< 8 <275° but D
increases significantly to a peak of 10000 as the wind shifts to west-northwesterly 285° < 6
<290 °. Field data were obtained only for westerly winds during the Dec. 2™ test but these
compare very well with the wind tunnel data. In general, the wind tunnel data are greater than the

field values but the discrepancies are less than a factor of two.

Wind tunnel dilution curves obtained at locations 10 and 12 on the penthouse are similar in
appearance, as shown in Figures 42b and 42c. For these receptors, dilution data for M=2 and
M=3 tend to diverge when the wind direction is in the range of 275 ° < 6< 285 ° with values at
M=2 being three times as large as those at M=3. Results of the field study are inconclusive
regarding the variation of D with M in this 6 range because the number of samples was small,
although several samples were obtained on Oct. 10® (M~1.8) at location No. 12 for 270 °< 6<
280 °. These data do not compare well with the wind tunne! data obtained at M=2; the wind
tunnel dilution values exceed the field values by a factor of four, in this case. Nevertheless, the
field data obtained at M~2.7 compare reasonably well with the M=3 wind tunnel data obtained at

locations 10 and 12,

The reason for the four-fold increase in wind tunnel dilution at M=2 for 275 ° < ©< 285 ° is not
clear, but may be due to turbulence produced by several large buildings located approximately 150
m upwind of the BE Bldg. Additional experiments were carried out to determine the sensitivity of

D to variations in M for this wind direction range. Figure 43 shows dilution at location 10 is
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relatively high (D~800) for 0.8<M<1.9 but drops abruptly to 400 at M=2 and further to 200 at
M=3. (Note the large discrepancy between M=2 dilutions at 6=280 ° shown in Figures 42 and

43, which is due to the uncertainty in estimating M.).

Wind tunnel tests were carried out at M=4 for west-northwesterly winds to compare with field
results obtained on Oct. 1". At location 10, the wind tunnel data compare well with the field
dilutions. At location 12, the field dilutions are slightly higher than the wind tunnel values when
8~300°. At both locations 10 and 12, it is interesting to note the similarity of wind tunnel D
curves obtained with M=2, M=3 and M=4 when 6>290 ° and the dissimilarity of the curves for

<290 °.

Figure 44a shows dilution data obtained at location 6 on the main roof. The wind tunnel dilution
curves for M=2 and M=3 are similar in appearance and resemble those obtained at location 7.
Dilution reaches a minimum of 150 to 300 for westerly winds but increases significantly to a value
of 10000 as 6 increases to 285 °. The field data for location 6 were obtained mainly for westerly
winds and these generally agree well with the wind tunnel results. At 6=270 °, D, exceeds Dgyy
by up to a factor of three; larger discrepancies are observed for ©~275 °, however. The apparent
increase in modelling error at §~275 ° may not be real, considering the uncertainty of the field ©
measurements. Clearly, additional field experiments are needed to conclusively determine the

variability of dilution with wind direction.

Figures 44b and 44¢ show dilution data obtained at locations 16 and 24 on the main roof. The
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wind tunnel dilution curves for M=2 and M=3 show a maximum of approximately 1500 for
westerly winds (270 ®<6<285 °). Field data in the same M-range obtained during the Oct. 10®
and Dec. 2™ tests for Westerly winds show less sensitivity to wind direction. Also, the relatively
low values of dilution obtained in the field tests for westerly winds is somewhat surprising since
the samplers were not on the plume centre-line. It appears that lateral dispersion in the field tests

was significantly greater than that simulated in the wind tunnel.

Minimum wind tunnel dilution at locations 16 and 24 occurred at a wind direction of 290 ° for
M=2, M=3 and M=4. Field data obtained at location 16 for WNW winds (Oct. 1%, M,,, = 4.3)
compare very well with wind tunnel dilutions obtained for M=4. On the other hand, field dilutions

at location 24 are approximately twice as large as the wind tunnel values for WNW winds.

4.2.3 Summary of Findings from the BE Building Study

The field and wind tunnel experiments with the BE Building have provided a significant amount of
data regarding the dispersion of exhaust from a 3-m stack on the roof of a low-rise building in an
urban environment. Of particular importance were data from samplers near the stack on the

adjacent penthouse which provide a good approximation of the initial dilution of the plume.

The major findings of the study are:
1. The Halitsky model gives highly conservative predictions of minimum dilution.
2. The minimum dilution models of Wilson-Lamb and Wilson-Chui provide

reasonable lower bounds for D,;,, although both models provide unconservative
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predictions of some of the field data.

3. The Wilson-Chui formula for calculating initial dilution causes the WC model to
significantly overestimate D, near the stack when the stack momentum ratio is
large (M>4).

4, The Wilson-Lamb initial dilution formula provides a more realistic approximation
of initial dilution at large M than the WC formula. However, the WL formula also
overestimates D,. This appears to be the main cause of occasional overestimates
of D,;, by the WL model.

5. Tracer gas measurements and records of flow visualization obtained during the
field tests showed that the plume was frequently brought down to the main roof
very close to the stack, even though the exhaust momentum ratio was relatively
large. This phenomenon, which was simulated well by the wind tunnel, may be due
to the exceptionally high turbulence in the approaching wind or the flow patterns
produced by the BE Bldg. itself. Future wind tunnel experiments can be carried
out with an isolated model to investigate this topic.

6. Dilution data obtained in the wind tunnel! study are generally within a factor of two
of the field data. At most locations, wind tunnel dilution values tend to be slightly

larger than the field measurements.

5.0 Guidelines for Design
The present study provides significant information regarding the dispersion of exhaust from

rooftop stacks. However, the study also raises additional questions which must be investigated
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before firm guidelines can be offered. Nevertheless, the following tentative design guidelines are
provided.

L Comparison of the ASHRAE models with the field results shows that the Halitsky
model provides conservative estimates of dilution and is therefore applicable for
cases involving toxic gases where a factor of safety is appropriate. The Wilson-
Lamb model and the revised Wilson-Chui model (using the Wilson-Lamb initial
dilution approximation) generally provide a reasonable lower bound to dilution
values. The WC and WL models are suitable for situations involving nuisance
odors. However, for situations involving toxic gases, a factor of safety should be
used since both models may provide unconservative estimates of minimum dilution
at some iqcations. The revised Wilson-Chui model is recommended because it is
simpler to use.

2. For complex building geometries, a wind tunnel modelling study is preferred over
the use of the ASHRAE formulas. It is recommended that a factor of safety of two
be applied to the wind tunnel measurements.

3. Wind tunnel studies should include information regarding the sensitivity of the

results to the exhaust speed/wind speed ratio, M.
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APPENDIX A

Analysis of Anemometer Data

The Gili ultrasonic anemometer measures three components of wind velocity using the time of
flight principle. The anemometer consists of six transducers; one pair of transducers measures the
vertical component, w, and the other two pairs measure the horizontal components, u, and v,
where the subscript indicates a measurement on the transducer axis. Each transducer acts
alternately both as a receiver and a transmitter of ultrasonic pulses; by measuring the time of flight

of the pulses, the velocity components are determined.
The transducer orientation in relation to the positive u, and v, directions is shown in Figure Al.
The relationship between u, and v, and the along-wind and cross-wind components of the wind, u

and v, is shown in Figure A2.

The mean wind direction, 8, is determined by calculating the rotated mean wind direction, 8, :

6, = tan'(u,v,) Al
such that: 5=86,-90+¢ A2

where an overbar indicates the mean value; and ¢ is defined in Figure A2. The mean along-wind

and cross-wind components are:

T =T,5in6,+ V,cos6, A3
V=1,c086, + V,sin6, = 0 A4

Al



The along-wind component can also be obtained from the following:
= (VY)Y _ A5
The along-wind velocity variance is defined as:
o2 = (1]0,)sin®8, + 2(13,v,)sinB cos, + (V,v,)cos?8, A6
- ()@,)sin’5, - 2(,)(%,)sind,c058, - (V)(,)co0s™S,
The anemometer records the mean and standard deviation of u, and.v,, and thus, the mean square
quantities can be calculated.(e.g. U4u, = o,%+7,%). The covariance (,V,) was not

measured; however, it can be estimated by assuming that the cross-wind turbulence intensity is a

fixed ratio of the .along-wind intensity. By definition, the cross-wind variancé is:

ol= (;:\;?)sinzgr - 2(1,v,)sinB,cosB, + (1,,)cos?D, A7
Previous studies [e.g. Ogawa et al. (1983), Oikawa and Meng (1997)] indicate that, on average,
o,~ 0.80,, although in some cases o, may approach o, in magnitude. |
Letting o= 0.80,, Equ. A7 can be re-arranged such that:

2(5v,)sinB,cos8, = (v,v,)sin8, + (0,u,)c0s?6, - 0.643,2 A8

Substituting the left-hand side of A8 into A6 yields:

A2



o2 = V1L64[(LE,) + (V¥,) - (0)u,)sin’6, - 2(u,)(V,)sin6,cos8, - (v,)(V,)cos’6,] A9
or

0,2=1/1.64(c, 2+ 0,2 Al0
Example:
The validity of the above method for calculating o, can be checked for those intervals when the
mean wind direction was aligned with an axis of the anemometer. In such cases, the measured o,

can be compared to that obtained using the Eq. A10.

Wind data obtained on June 26" at the Hall Bldg. are shown in Table A1. The 10:35 record
indicates that the wind was aligned with the Vs axis since Us ~ 0. Therefore, the turbulence
intensity is: ¢,/U=o0,, /U= 1.27/2.82 =0.45. Substituting values of o, and o, into Eq. A10,
gives ¢, =1.253 m/s. Thus, the estimated value of &, /U is 0.444, which is approximately equal to

the true value .
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Table Al

Wind data obtained on the Hall Building during Test 1

Hall Day 1 26-Jun-98
TIME Mean Vel.| Us Vs Cus Ovs
(m/s) (mis) (m/s) (m/s) {m/s) Cu |Turb.Int.
10:25 4,036 0.36 ~4.02 117 1.561 1.522694; 0.377278
10:30 3.369 -0.24 -3.36 1.3 1.56| 1.585683| 0.470669
10:35 2.82 0.01 -2.82 0.88 1.27] 1.252631| 0.444196
10:40 5021 -3.5 -3.6 1.78 1.33| 1.735093] 0.345567
10:45 5.168 -1.45 -4.96 1.15 1.6 1.538629| 0.297722
10:50 5.02 -1.09 -4.9 0.88 1.9} 1.635058| 0.325709
10:55 5.499 -0.83 -5.42 0.98 1.24| 1.296336| 0.23574
11.00 5.62 0.75 -5.57 1.18 1.37] 1.39673! 0.248528
11:05 6.428 -1.12 -6.33 0.82 1.28| 1.187023| 0.184664
11:10 4377 -1.56 ~4.08 1.39 1.86| 1.81318| 0.414252
11:15 4812 -1.24 --4.65 113 1.28| 1.333275{ 0.277073
11:20 3.208 -1.14 -3 1.03 1.42| 1.369818| 0.426868
11:25 3.46 -1.67 -3.03 1.51 1.42] 1.618585| 0.467799
11:30 4.966 -1.82 -4 62 1.38 1.77] 1.752577| 0.352915
11:35 6.537 -1.18 -6.43 0.95 2.07] 1.778496} 0.272068
11:40 5.424 -1.79 -5.12 1.57 2.41| 2.245999| 0.414085
11:45 4737 -1.09 -4 .61 1.19 1.941 1.777176| 0.375169
11:50 4.9 -1.82 -4.55 1.39 1.89] 1.831999| 0.373877
11:55 3.974 -2.82 -2.8 1.85 1.63| 1.925344| 0.484485
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Figure Al Plan view of Gill sonic anemometer showing orientation of transducers

SONIC AXES ‘

N
SONIC AXES A
g Vs Mean wulr&\ /
\ direction = " 4y
b —Agy¥ \/ \L

e

/

~
L/

-

N~

-u

Figure A2 Sonic anemometer coordinate system (from ASTM D5527)



APPENDIX B

Design of Automatic Air Samplers
The automated sampling module shown in Figure B1 was designed and built at the IRSST for the
sequential sampling of several air samples at predetermined time intervals. Each module is
equipped with a low-flow sampling pump (MSA C-210) connected to a distributor.to which 10 1-
litre bags (Cali-5-Bond) are attached by flexible (polyethylene) tubing (see Figure B1). Each of |
the bags has a LUER type valve. This type of valve is normally closed, thus avoiding the loss of

the contents should the connection tube accidentally disconnect.

Preliminary tests have confirmed that sulfur hexafluoride (SF;) does not adhere to the bag
material, thus preventing sample contamination. As a safety measure, each bag was purged with

zero air between samplings.

The manual programming unit, shown in Figure B2, assigns the sampling time and the waiting
period between samplings (if need be), and also, starts all the modules simultaneously. The
operating parameters are transmitted to all the sampling modules by radio waves, with the
antenna’s transmission frequency being 49.830 MHz. Programming can also be done using a
computer connected to the module’s RS-232 communication port. This means of programming is
useful when the sampling parameters differ from one module to the next, particularly when the

modules are not started at the same time.

Bl



In normal mode, the liquid crystal displays the instantaneous sampling data, namely the number of
~ the valve (or bag) being used, the sampling time, the elapsed sampling time, and the current drawn
by the sampling pump. In view mode, the same ihformation can be seen, but only for the valves

that are not in use.

The module requires a power supply of 110/120 V or the use of a 12 V gel-acid type rechargeable

battery with a capacity of 7.5 ampere-hours. The autonomy of the battery is approximately 8

hours.
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Figure B1 The automated sampler with sample bags attached

Figure B2 The manual programming unit of the sampling modules
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