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ABSTRACT

Reduction of Air Intake Contamination in High-Rise Residential Buildings

in an Urban Environment
Hongwei Yan

The re-ingestion of toxic or odorous gases exhausted from rooftop stacks of a building
may be a cause of indoor air quality problems of the same or an adjacent building.
Although many experimental studies have been carried out to investigate the dispersion
of exhaust from low-rise buildings, relatively little work has been conducted for high-rise

buildings.

The present study examines the dispersion of” pollutants from rooftop stacks on high-rise
buildings and their effect on adjacent buildings. The water flume of the Building
Acrodynamics Laboratory (BAL) has been used to carry out flow visualization
experiments to identify building configurations that may produce exhaust re-ingestion.
Results from the water flume were verified in the boundary layer wind tunnel of the BAL
using the tracer gas technique. General flow patterns are discussed in terms of dilution
contours. Thirteen empirical equations of the minimum dilution variation with different
building configurations have been derived based on a significant amount of experimental
data. The effects of various factors are investigated. The dilution measurement results are
compared with prediction from ASHRAE dilution model and those from other recent

similar studies.

It was found that the distance of stack to wall inlet and the exhaust momentum ratio
affect the exhaust dilution dramatically. However, the stack location does not make any
significant difference on dilution within the wake cavity zone with the same stack
distance. Higher stack provides higher wall dilution. The gap between emitting and
adjacent buildings affects the distribution of dilution, but it does not affect the value of

the minimum dilution.
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CHAPTER 1

INTRODUCTION

1.1 General

Wind engineering has been an interdisciplinary research area dealing with the study of
wind effects on buildings and other structures. Basically, there are three kinds of such
effects: structural, environmental and energy-related. The environmental aspects of wind
engineering research include but are not limited to air pollution and pedestrian level wind

comfort around buildings.

Airborne pollutants, besides other drawbacks, constitute a very serious health hazard.
Under the influence of the wind, pollutants from the building emission sources can
contaminate the area around the buildings, as shown in Figure 1.1. If the poliutants are
reingested either via the open windows or through the intakes of the ventilation system,
the health and welfare of people living or working in the building may be severely
influenced. Sometimes, this may require the evacuation of the building. Pollutants around
a building can also influence the people passing or working nearby. Often the source of
the contaminants is an adjacent building, which may or may not be a residential structure.
In order to avoid such problems, certain precautions should be taken during the design

period.
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Figure 1.1 Flow around a rectangular building [after ASHRAE (2001)]

The entrainment of plumes emitted from short stacks into the building wakes can result in
maximum ground-level concentrations that are significantly greater than those found for
similar sources in the absence of buildings [Wilson et al. (1998)]. This is often potentially
hazardous. Dilution of these emissions with surrounding air along with the application of
control devices is necessary in order to meet ambient air quality standards. The
effectiveness of such a control device depends upon the designer’s estimate of the
probable external dilution. Thus it is important to evaluate the ground level concentration

in the building wake.

As has been proved by previous studies, a high stack can significantly reduce pollutant
concentrations at roof and ground level. Due to aesthetic considerations, however, mini-
chimneys and flush outlets are still widely used by designers, especially in an urban
environment. As a consequence, a large number of problems may be brought out, such as

the re-entry of odorous or hazardous polliutants and the blackening or deterioration of



building facades. Some effort has been made by many researchers to cope with such
problems. The dilution of building exhaust from rooftop stacks has been studied
extensively for more than 30 years. In general, four methods are considered feasible for
estimating the concentration at roof level and in the near wake region from a rooftop

stack.

The first method is using the maximum concentration value, which can be acquired using
semi-empirical diffusion equations recommended by American Society of Heating,
Refrigerating and Air-Conditioning Engineers [ASHRAE Fundamentais (2001)]. These
models estimate the minimum dilution, Dm, (i.€., the ratio of the emission concentration
to the maximum concentration at a receptor) as a function of the shortest distance from a
stack or outlet, taking into account the parameter of wind velocity, exhaust velocity,
exhaust face area, and building generated turbulence. For general dilution estimation,
ASHRAE models can be considered as the most economical and simplest approach.
However, for buildings with complex upstream geometry, the equations may not produce
accurate estimates of Dy,,. The ASHRAE formulas are presented in detail in section 2.4

and application results are discussed in Chapter 5.

The second alternative for investigating building exhaust dispersion is the wind tunnel or
water flume study. Generally, if most of the modeling criteria are satisfied, this method is
expected to give relatively accurate predictions of exhaust dilutions around the building.
This approach is especially preferred when the upstream topography may have a
significant influence on the flow patterns around the building of interest. The advantages

of a wind tunnel or water flume study can be summarized as follows:



1) The study is not affected by exterior weather conditions;

2) the same experiment can be repeated easily; and

3) itis convenient to test and compare several design alternatives.

It should be noted, however, that the validity of wind tunnel results, in terms of
dispersion of exhaust from buildings, has not been thoroughly proved with full-scale data

yet.

The third method for evaluating the dispersion of building exhaust is the full-scale
investigation, which can be carried out to obtain accurate dilution data at specific
locations. In general, this method reveals the actual dispersion processes best but it has
many serious difficulties, such as varying wind conditions and high cost due to the use of
significant amount of labor, material and time. This explains why relatively few field

studies have been performed. Previous full-scale tests are reviewed in Section 2.6.

The fourth method is the numerical computation of the building exhaust diffusion using
Computational Fluid Dynamics (CFD) methods. A reliable computer simulation of wind
flow around buildings can make a contribution to this problem by facilitating a less time-
consuming exploration of the model space. In principle, a computer wind-flow simulation
can make wind-related design information accessible to an architect or engineer at every
stage of the design process. This alternative should become more and more cost effective

considering that the relative cost of computation for a given algorithm and flow



stage of the design process. This alternative should become more and more cost effective
considering that the relative cost of computation for a given algorithm and tlow
decreased. The progress in the computational technology makes the possibility to use a
mathematical analysis based on numerical simulation really attractive for this kind of
project. Computational Wind Engineering can be applied to all classical wind engineering
problems such as wind-induced pressures on buildings. dispersion of pollutants around
buildings, etc. Many research works have been done to establish and improve the models
used in the CFD methods. Presently. CFD methods based on a k- turbulence model are
widely accepted except for the separated flow regions [Selvam and Huber (1995) and Kot
(1989)]. The stochastic models can manipulate inhomogencous turbulence and
unsteadiness. but more powerful computers and extra statistical information are
necessary. No matter what model is used in the numerical simulation. the results still

need to be validated by comparing with either wind tunnel or field data.

1.2 Present study

A research project was carried out in order to evaluate the dispersion of pollutants from
rooftop sources on high-rise buildings. The re-ingestion of building exhaust into fresh air

intakes has been shown to adversely affect indoor air quality.

A water flume was used to carry out the task of visualization experiments to identify
building configurations that may produce exhaust re-ingestion. The results were verified

in a boundary layer wind tunnel by using tracer gas experiments.



1.3 Purpose of the study

Although a number of experimental studies have investigated the dispersion of exhaust
from low-rise buildings, relatively little work has been conducted concerning high-rise
buildings. The purpose of this study is to provide some guidelines concerning the

placement of fresh-air intakes on such buildings.

The current study has five objectives:

1. conduct a literature review conceming dispersion around high-rise buildings;

2. carry out flow visualization experiments in a water flume to identify building

configurations that may produce exhaust re-ingestion;

3. find the critical distances, for which the adjacent building will not be affected
by the plume, of different configuraticns consisting of a higher adjacent

building upwind;

4. carry out tracer gas experiments in a wind tunnel to verify the results found in

the water flume, and

5. compare the results with ASHRAE minimum dilution model, ASHRAE

critical dilution model and Wilson dispersion model in near wake region.



1.4 Thesis organization

This thesis consists of the collection of quantitative data for the critical building
configurations identified in the water flume study and the analysis of results to examine
the effect of a stack - placed flush with the roof surface - location on the dispersion of
exhaust from rooftop stacks. These critical configurations were subsequently tested in a
boundary layer wind tunnel that has been used extensively for the measurements required

in the study.

The thesis is organized as follows:

Chapter 2 reviews the basic theories, ASHRAE models and previous research associated

with the current study.

Chapter 3 introduces the experimental methodology used in the water flume and the wind

tunnel tests.

Chapter 4 presents the water flume experimental results.

Chapter 5 presents and discusses the wind tunnel experimental results and compares with

ASHRAE minimum models and Wilson dispersion model in near wake region.

Chapter 6 summarizes the tindings of the study and makes suggestions for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Geaneral

This chapter presents a review of the literature pertaining to the flow about structures and

on the diffusion of contaminants on or near buildings.

Wind-induced dispersion of building exhaust has been studied extensively for over 30
years. Although several mathematical formulas exist for estimating the diffusion
downstream the source, the complexity of real airflow around buildings brings out new
questions constantly concerning the results provided by those formulas. A number of full-
scale tests as well as wind tunnel studies were carried out for the purpose of establishing
or improving the atmospheric dispersion models. Based on the experimental results, a
few dispersion models have been developed. One of the widely used models in today’s
engineering practice, Wilson-Lamb model, and one new developed model, Wilson model,
will be discussed in detail hereafter and related experimental works will be reviewed as

well.

Very high concentrations of some fumes, like the sulfur compounds, can cause rapid
deterioration of the building and air-conditioning equipment. So there are additional cost

considerations that should be added to the toxic problems. Re-entry from cooling towers



can also be a problem. Thus air pollution around buildings is of great concern for

architects, HVAC engineers and health physicists.

Unfortunately, pollutant dispersion is a very complex phenomenon, which includes
oncoming atmospheric boundary layer flow, stagnation zone and upwind vortex in front
of the building and building wake-recirculating zone. On the roof, the flow can be
divided into the roof recirculation region, high turbulence region and roof wake region as

shown in Figure 2.3 [Wilson (1979)].

The location and height of the exhaust stack can also play an important role for the
pollutants around the building. The problem becomes much more difficult when the
complex geometry of the building is considered since more separation and recirculation

areas may appear.

Several other parameters can also influence the dispersion of pollutants around a
building. These include wind directionality, wind turbulence intensity, exhaust
momentum, surface roughness of the ground, intake location, building configuration,
buoyant effect of the pollutants and the character of the atmosphere (neutral, super-

adiabatic or sub-adiabatic).

Contamination of fresh air entering high-rise residential buildings can occur if the
exhaust plume of the building or a nearby building comes in contact with the air intake.
There have been numerous incidents of air intake contamination, although such incidents

have not been publicized broadly. The cost of poor placement of an exhaust vent or air



intake can be significant [Bahnfleth and Govan (1987)].

The ingestion of pollutants cannot be completely eliminated. However, the risk of
significant intake contamination can be minimized by placing the air intake in the
optimum location. Little information is currently available to assist the building designer
with the placement of fresh air intakes. Much of the previous research on dispersion of
plumes near buildings is based on wind tunnel studies performed with isolated buildings.
A need exists to develop simple guidelines for predicting the influence of nearby
buildings on the behavior of plumes emitted from rooftop stacks. As noted in ASHRAE
(1999). “large buildings, structures and terrain close to the emitting building can have
adverse effects on dilution of stack exhaust because the emitting building can be within

the recirculation flow zones downwind of these nearby flow obstacles.

Kukadia and Palmer (1996) compared concentrations of various external pollutants in an
air-conditioned (AC) building with those measured in an adjacent building that was
naturally ventilated. The buildings were located in a large urban centre in the U.K. The
study found that contaminant levels were generally similar in the two buildings. The air-
conditioned building usually had slightly lower pollutant concentrations than the
naturally ventilated building. However, boiler emissions from the AC building were
occasionally entrained into the fresh air intake. Figure 2.1 shows a one-week record of
nitrogen dioxide (NO,) concentration measured in the two buildings. Also shown is the
concentration of NO; measured outside the buildings. Although the records are limited in
duration, they clearly show that the indoor concentration correlates well with the exterior

concentration. However, the buildings tend to filter out short duration peak values present



in the external time series. It is also apparent that the air-conditioned building is subject
to occasional very high concentrations due to reingestion at its fresh air intake. In this
case, very high NO; concentration was recorded for several hours when the plume from a

rooftop boiler made contact with the air intake.
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Figurc 2.1 Time series of nitrogen dioxide concentration in two buildings in
Birmingham, U.K. for the week of Feb. 13-20, 1996 [after Kukadia and

Palmer (1996)]

The placement of fresh air intakes has recently been investigated by Rock and Moylan
(1999). They noted that “more research is needed on ventilation intake placement for
common commercial HVAC systems with rooftop, through-the-wall and at-grade
louvers. Most existing knowledge is derived from the many studies on industrial stack
exhaust gas reentrainment and not common HVAC geometries.” Rock and Moylan

(1999) concluded that the current ASHRAE Standard for ventilation [ANSI/ASHRAE



62-1989] needs to provide better design guidelines concerning the placement of fresh air

intakes.

Current design standards recommend that stacks have high exit velocities to alleviate the
problem of exhaust reingestion at fresh air intakes of buildings. They also refer to the
ASHRAE minimum dilution formulas [ASHRAE (2001)]. However, case studies
performed by a number of researchers have shown that, even with high exit velocities,
pollutant concentrations may be unacceptably high at particular locations [Stathopoulos
et al. (1999), Georgakis et al. (1995), Wilson and Lamb (1994)]. Several factors may
account for the occasional poor performance of such stacks. These factors include the
location of the stack relative to regions of flow separation and flow re-attachment, the

height of the stack (hs), and the occurrence of high upstream turbulence.

Wilson (1976) measured concentration distributions on the roof and walls of building
models in a wind tunnel. The results show that vent location and building shape can have
a significant influence on maximum concentration. However, the results are of limited
use to building designers because M (i.¢., the exhaust momentum ratio, which is given by
M = (pclpa)o'SWc/UH, where p, is ambient air density, p. is exhaust gas density, W, is
exhaust velocity, Uy is wind speed at exhaust height) values were quite low (<I).

Furthermore, the experiments were performed with isolated buildings with flush vents.

In an earlier water flume study, Wilson (1979) evaluated the size of the recirculation zone
that forms on the roof of the buildings. This is important for the design of building

exhaust systems since stacks should be located outside this zone.
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2.2 The nature of the flow

2.2.1 Flow patterns around isolated buildings

The flow around cubical buildings has been extensively studied in a number of wind
tunnel and field studies, such as Halitsky (1961, 1963), Hunt (1970, 1971), Cermak
(1976), Castro and Robins (1977), Hunt et al. (1978), Wilson (1979), Hosker (1980),
Ogawa et al. (1983), Slawson (1987), Stathopoulos et al. (1999), and others. All these

studies give excellent descriptions of the nature of the flow around buildings.

The flow around even the simplest building shape tends to be 3-dimensional in nature and
consequently very complex. Further complications arise due to the presence of other
structures. Although most buildings are located near other buildings, most of the
fundamental knowledge about building aerodynamics has been obtained with isolated

buildings.

As drawn schematically in Figure 2.2 [Hosker (1980)], the approaching wind profile
represents shear flow. There is a stagnation zone at about two thirds of the building
height above ground. As the wind hits the windward face, part of the flow goes over the
downwind surfaces (i.e. both sides and roof surface) while part of the flow moves
downward and generates a vortex at the lower part of the windward face. If the along
wind length L of the building is long enough, the flow may re-attach on the roof and
sides. Re-circulating streamlines can be found in separation zones, as shown in Figure 2.3

[Wilson (1979)]. Behind the building is a cavity zone of negative pressure, where the

13



separation streamline reattaches to the ground surface.
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Figure 2.2 Three-dimensional flow past a cubic structure in a turbulent shear flow

[after Hosker (1980)]

2.2.2 Estimation of recirculation zone dimensions

As introduced previously, dilution models are very useful in predicting the critical
dilution values likely to occur at a particular location. However, detailed information
regarding the wind climate, the exhaust gas composition and flow rate is necessary when

applying these methods for design purposes. As an alternative approach, particularly

14



when the wind data and exhaust specifications are difficult to obtain, Wilson (1979)
proposed a relatively simple method to estimate the dimensions of the high turbulence
regions above a building roof. With this method, stacks and iniakes can be located at

appropriate places to avoid the effect of high atmospheric turbulence.
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Zy ROOF RECIRCULATION REGION
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s | | =
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Figure 2.3 Flow regions over a building roof for wind normal to upwind face [after

Wilson (1979)|

Figure 2.3 illustrates the cross-section of different flow zones with the wind normal to the
upwind surface. Due to the separation of the approaching wind at the upwind edge, a
cavity is created and a reverse flow can be found in this region. [f the downwind roof
dimension is long enough, the separation flow reattaches the roof surface and generates a
closed region called re-circulation zone. The turbulence level in this region is very high
and if the exhaust gas is emitted within the re-circulation zone, a uniform high

concentration will be detected. The boundaries of zone Z, and zone Z; are somewhat



subjective. Generally, the turbulence levels decrease and downwash flows become

insignificant as the measurement location moves towards outside zones.

Based on experiments with a large number of building shapes, the following expression
for the recirculation length scale, R, was obtained:
R = (D2, D7) @.1)

where Dy, is the largest dimension of the upwind face of the building and Dqpay is the

smallest dimension of the upwind face.

Consequently, the length of the separated flow region on the roof at the leading edge of
the building, L., the length from the leading edge of the building to the maximum cavity
height, X., and the maximum cavity height, H,, can be expressed as a function of R such

that:

L. =09 R (2.2)
X =0.5R (2.3)
H. =0.22R (2.4)

It should be noted that these formulas only apply for the case of a wind that is

approximately normal to a building wall, which is considered to be the critical case.
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However, for wind directions of 30° - 60°, delta-wing type conical vortices form along the

leading edges of the roof.

2.2.3 Flow fields in the vicinity of buildings

Snyder W.H. and Lawson R. E. (1994) developed a physically realistic model that
predicts the behavior of pollutants released in the vicinity of buildings using a pulsed-
wire anemometer (PWA). Based on their wind tunnel experiments using rectangular-
shaped blocks with a power-law exponent a = 0.16, they investigated the flow patterns
with different building dimensions. For example, the crosswind dimensions of the
building were W, 2W, 4W and 10W with L = W = H, the along-wind dimensions were
0.015L, 0.5L, L, 2L and 4L, the height of the building were H, 2H, and 3H, and finally,

the cube was rotated 45°.

As shown in Figure 2.4, the cavity size obviously increases as the crosswind width of the
building increases, as well as other aspects of the flow ficld change markedly. The
stagnation point located on the upwind face of the building appears to move only slightly
upwards from of approximately 2H/3, but the far upstream elevation of the stagnation
streamline changes continuously from about 2H/3 to essentially ground level for the

building with crosswind width of 10H.

As shown in Figure 2.5, the cavity height decreases with along-wind dimension, L, with a
maximum (of about 1.4H) when L = 0.015H (square flat plate). When L = H/2, the cavity

height is about 1.15H; for L =H, the cavity height is constrained to be the same as the

17



building height since reattachment occurs on the roof, horizontal separation foliows at the
downwind roof edge. Correspondingly, the cavity length decreases from 2.3H for the flat

plate to 1.5H when L = H/2. For L =H, the cavity length is nearly constant with a value

near 1.3H.

ey

Figure 2.4 Streamline patterns around buildings (L=H) of various of crosswind

widths. Number on building is W/H. [after Snyder and Lawson (1994)]
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Figure 2.5 Streamline patterns around buildings (W=H) of various along-wind

lengths. Number on building is L/H. [after Snyder and Lawson (1994)]
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As shown in Figure 2.6, the elevation of the stagnation point on the upwind face of the
building remains at approximately 2H/3, and the streamlines upstream of about 1.5W are

essentially hornizontal.

Figure 2.6 Streamline patterns around buildings (L = W) of various heights.

Number on building is H/W. [after Snyder and Lawson (1994)]

2.2.4 Flow patterns with a taller adjacent building upwind

Based on their water flume experimental results, Wilson et al. (1998) postulated a flow

20



pattern model for the case of a plume formed in the wake of a building with a lower

emitting building downwind. Figure 2.7 illustrates their finding.

Actual Plume recnrcu!atlon
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U,—»
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Figure 2.7 Effect of plume trapping in the recirculation cavity for an upwind

adjacent building [after Wilson et al. (1998)]

In this particular case, the height-difterence scaling length R based on increase or
decrease in height AH of the roof level at the upwind edge where the cavity forms. In this

case, Equation (2.1) becomes
R =AHYY'? forAH<Y 2.5)
R=AH" Y for AH>Y (2.6)

where Y is the crosswind width of the upwind wall of the building where the roof edge

cavity forms. The height change AH for the upwind building is just H, i.e., its roof height



above ground. For a downwind building, the roof height increase AH is the absolute

value of the difference in heights,

AH=|H,-H] 2.7)

If the initial location of the plume is within the cavity trapping zone shown in Figure 2.4
then the origin is shifted to the downwind wall of the upwind adjacent building. The
dimensions of this recirculation cavity trapping zone were determined empirically by
examining roof level dilution to see if exhaust had been carried upwind. The cavity

length Legyiry and height Heavy are roughly given by,

Lcavny =2.0R (28)

Hewy = 1.5 R (2.9)

2.3 Gas diffusion theory

Atmospheric diffusion is caused by turbulence. Pasquill (1962) defined turbulence as
“that quality which is manifested in the random character of the velocity of a fluid (say at
a fixed point as a function of time), in contrast to the constancy of such a velocity in

steady stream-lined flow, or to the recognizable periodicity of a wave motion .

2.3.1 Methods of turbulence analysis

The turbulent diffusion can be described in two basic ways: Eulerian approach and
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Lagrangian approach. In an Eulerian system, the velocities at all locations within a fixed
coordinate system at a given instant are taken into account. The mass conservation is the
basis on which the Gaussian is derived using Eulerian approach. In a Lagrangian system,
the motion of a specific particle or element is considered as the basis for the
concentration equation. The mean concentration at a certain position is given by the sum
of a group of particles’ probability densities. Nevertheless, the exact solution for
concentration calculation in turbulent flow is not available by using either of the above
approaches. Thus, more effort on other theoretical or empirical methods is needed in

order to solve the diffusion problem.

2.3.2 Gaussian model for dispersion estimation on a flat-roof building

The Gaussian plume model, which is based on the Eulerian approach, is one of the most
commonly-used methods for estimating the plume dispersion downstream a continuous
source. The major reasons for using the Gaussian model are that it well represents the
random nature of the turbulence and the solution can be acquired casily by mathematical

operations.

Considering a continuous source with exhaust volume concentration C. and exhaust
volume flow rate Q. at effective height h, as shown in Figure 2.8, the concentration C at a

certain location (x, y, z) within the coordinate system is given by

. O, N

ey y

"oy

C.0 y? (h—z)2 (h+z)2
C(x,y,z;h) = —==— - —=—Kexp| ————— [+exp| - ——— 2.10
(x.y22:4) 22U exp 20 exp[ 20 P 20 (2.10)
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Figure 2.8 Coordinate system showing Gaussian distributions in the horizontal and

vertical direction [after Turner (1994)]

where U, is the effective plume convection wind speed at release point, x is the
downwind distance, y is the crosswind position and z is the vertical position above the
mass-reflecting surface (either the roof or ground level), measured from the base of the
stack. The second exponential term with (z + h) is the contribution from mass reflection
from the solid surface. The variation of C with downwind distance x from the stack
appears implicitly in the standard deviation of the concentration distribution in the
crosswind direction o, and vertical direction ¢, at the downwind distance x. The

undisturbed effective plume rise height h above the reflecting surface (z = 0) is
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h=hs + Ah 2.11)

where h; is the stack height above the reflecting surface (z = 0), and Ah is the plume rise

above the top of the stack produced by jet momentum or exhaust gas buoyancy.

Several constraints should be satisfied when using the Gaussian model [Turer (1994)]:

- Wind conditions must be stationary (i.e. mean wind speed and mean wind

direction are constant);

’ The turbulence must be isotropic and homogeneous;
e The mass is conserved within the plume;
P The concentration profiles in both crosswind and vertical directions are

well described by the Gaussian distribution.

Huber and Snyder (1982) suggested that the Gaussian model is generally appropriate for
dispersion estimation around buildings based on the wind tunnel results. However, the
real airflow around buildings is so complicated that most of the above assumptions are

violated.

2.3.3 Dispersion model for the wall dilutions with lower emitting building downwind

Based on their water flume experimental results, Wilson et al. (1998) developed a new
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back wall pollutant dilution dispersion model with lower emitting building down wind
using Gaussian model. The average of the concentration at emitting and adjacent building
roof levels predicted by the Gaussian model is assumed to be uniform at all heights on the

down wind wall of the adjacent building.

The main adjustments of the model is shifting the virtual origin of the plume trajectory
back to the wall location of the upwind adjacent building if the plume lies inside the wake
cavity trapping zone. as shown in Figure 2.9. Otherwise the plume trajectory origin

remains above the stack. as shown in Figure 2.10.

plume trajectory

Proposed Model downwash and increased
with wake cavity trapping vertical spread in wake
increases Nt N R T
H initial dilution iy e
Un—P q R

— <

virtual origin shifts to
adjacent building if final
rise origin falls inside
wake cavity trapping zone

Figure 2.9 Proposed dispersion model with virtual origin shift plus added initial
dilution caused by plume trapping, along with building wake downwash

and increased vertical spread [after Wilson ct al. (1998)]



Proposed Model plume trajectory downwash
no wake cavity trapping and increased vertical
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initial dilution
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e Xagi + \
no shift in virtual origin if
final rise origin falls outside
wake cavity trapping zone

Figure 2.10 Proposed dispersion model with only building wake downwash and
added vertical spread for stacks located to avoid plume trapping in

recirculation cavity [after Wilson et al. (1998)|

The dilution at any distance z on the taller adjacent building back wall above the emitting

building roof is given by

2 b) -l
DQ“'j =2r .qL g_‘..ﬂ exp _E:._M. +exp| — (_-_‘{-_}’IMI_)_ (212)
UyH* H H 20°; ke 20 e

where Q. is exhaust volume flow rate, Uy; is wind speed at the emitting building height H,

oy is crosswind plume spread, G, wake is the total vertical spread, hyw is the effective

plume height.



The model assumes constant dilution with height, so the minimum diiution over the entire

wall is,

o = 2Dumu Do (2.13)
D, _, +D, "

emit
where Demy and Dy, are the dilutions obtained at the emitting and adjacent building roofs,

which can be calculated using Equation (2.12). See Appendix A for more details.

The authors concluded that the increased stack height would have allowed more exhaust
to escape from the building wake cavity: dilution obtained by a larger M-value is higher
than that by a low M-value, where M is the exhaust momentum ratio, defined as the ratio

of the exhaust velocity to the wind speed at emitting roof height. M = w/Up.

It should be noted that this model only shows the correct relative effects of changing
stack height h,, exhaust momentum ratio M, and adjacent building height H,. Therefore,
it should only be used as an approximation since it does not fully simulate the complex

dispersion effects caused by the building wake cavity.

Tests performed by Wilson et al. (1998) with a higher adjacent building downwind of the
emitting building showed that concentrations measured on the windward wall of the tall
building did not vary significantly with height. The study concluded that it is difficult to
develop design guidelines for the case of an emitting building lower than an adjacent

building. Increasing the height of the stack or the exhaust velocity usually does not



significantly improve dilution levels at nearby receptors for this building configuration

due to the fact that the exhaust always make contact with the adjacent building wall.

2.3.4 Wilson’s flow patterns of tall buildings

The ASHRAE minimum dilution model developed by Wilson’s group is based mainly on
data obtained with low-rise buildings. However, Wilson (1979) also investigated the flow
around high-rise structures. He found that when the angle between the upwind face of a
building and the wind direction is less than about 70° the recirculation cavity becomes
very small and intense vortex patterns develop along the upwind edges of the roof, as

shown in Figure 2.11 (b).

ROOF EDGE
VORTEX

REGIONS OF DOWN WASH
() (b)
Figure 2.11 Flow patterns around a tall building [after Wilsen (1977)]
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2.4 Dilution estimation models

2.4.1 General

Due to the complicated nature of flow around buildings, scale model studies in wind
tunnels and water flumes have proved invaluable in the understanding and prediction of
these flows. Model tests provide the data to formulate the empirical relations used to
estimate concentration levels of contaminants near structures. These estimates may be

required to satisfy government regulatory bodies.

Halitsky (1961) and Wilson (1979) described wind tunnel studies investigating the
dilution of vented gases in and around buildings. In these papers the authors presented

models for the estimate on of pollution concentrations downwind of a structure.

Hosker (1979) reported on wind tunnel experiments used to verify a model to predict the

size of the wake cavity.

A comprehensive data set of concentration measurements downstream of a model cube
was presented by Meroney and Yang (1982). The cube was located in a sheared,
turbulent free stream, with both neutral, and inversion stratification reported. Meroney
and Yang reported that, for this flow, the mean velocity profiles have fully recovered to

their free stream values by x/h = 20, for both a 90° and a 45° orientation to the flow.

In Robins and Castro (1977) and Castro and Robins (1977) details were presented of
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experiments to study the flow around a cube located in both a uniform free stream
[Castro (1973)], and in a thick turbulent boundary layer [Castro and Robins (1975)].
Measurements of surface pressure coefficients and extensive turbulent velocity data in

the wake of a cube were also presented.

In Ogawa et al. (1983) the authors described a wind tunnel study set up to verify their
own full-scale experiments [Ogawa et al. (1983)]. The authors concluded that in order to
adequately model the ratio of wake cavity length L., to building dimension H, it is
necessary to match the longitudinal and lateral intensities of atmospheric turbulence, as

well as the ratio of wall shear velocity to free stream velocity, u/U.

Huber and Snyder (1982), and Huber (1989) described several wind tunnel simulations
while studying the dispersion of contaminants near structures. Huber (1989) made the
interesting observation that incident wind at oblique angles to the structure resuits in
increased downwind concentrations of 2 to 3 times at x’h = 3, and 1.5 times at x/h = 10.
In addition, he noted that wider buildings have the effect of decreasing concentrations

downwind for a given source strength.

Huber et al. (1991) described a different method for determining special concentration
details and temporal concentration fluctuations in the wake of a long low building, with
possible benefits over more traditional point sampling techniques. The method involves
emitting oil-fog smoke from a ground level point source midway along the leeward face

of the model, and using imagery to determine concentrations downstream.
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2.4.2 Minimum dilution model (Wilson-Lamb model)

Several semi-empirical models have been developed to estimate the minimum dilution in
a plume as a function of downwind distance and the exhaust parameter. The minimum
dilution factor Dmi; has been employed as the quantity that shows the reduction in
concentration between exhaust source and any receptor or given point around the

building. It is defined as:

Dmin = Ce / Crnax (2.14)

where C. is the contaminant concentration in the exhaust and Cpyy is the maximum

contaminant concentration at a receptor.

Two important factors should be taken into account when determining the minimum
dilution: exhaust-to-intake stretched-string distance s and ettective stack height hs, as
shown in Figure 2.12. The stretched string distance is defined as the shortest distance
between building exhaust and intake location. The effective stack height is referred to as

the stack height above any large roof barrier, such as a penthouse.

Wilson and Lamb (1994) developed a dilution dispersion model for short stacks and flush
vents with zero stack height using field data of Lamb and Cronn (1986). The basic

formulation of the model is,

Dumin = (Doo5 + Dd0,5)2 (215)

(93 ]
(L8]



Figure 2.12 Flow recirculation regions and exhaust-to-intake stretched-string

distances [after Wilson (1982)]

where initial dilution D, and distance dilution Dy can be obtained by

D, =1 +g’—
and
U,s’
D, =B, ([;

(2.17)

where Q, is the initial entrainment at the source, Q. is the exhaust volume flow rate, Uy is

the wind speed at emitting building roof height.

[t should be noted that Equation (2.15) is applicable for a flush vent (i.e. hs = 0), although

(V)
[9¥)



ASHRAE (2001) also provided formulas for estimating the influence of stack height on

dilution values. These formulas have recently been revised [ASHRAE (1999)].

Wilson and Lamb (1994) proposed two major modifications for the minimum dilution

model. First, a revised equation for initial dilution is suggested:

Do=1+13M (2.18)

By using the standard entrainment assumption that v, = f , where B is the internal

d (ah)
—d—

self-generated turbulent entrainment constant and Ah is the height of the plume rise (see
Appendix A for Ah and Ahy), the volume flow of a fully bent-over plume at its final rise
height Ahsis Q, = T[U“(BAhf)z. As the exhaust volume flux is Q. = nw.R,>, where R, is

the radius of the exhaust stack, the original initial dilution equation can be written as,

o
w

¢ v

D =1+‘_’L(——ﬂ2”'] 2.19)

with B = 0.6 and PAh; = 6.0R.w./Uy, trom Briggs (1975), Equation (2.18) is obtained.

Wind tunnel results obtained by Wilson and Chui (1987) show that B; may be affected by
a number of factors, including building shape, wind direction and atmospheric
turbulence. The ASHRAE (2001) model takes into account the effect of upstream

turbulence using the tollowing formula for By:



B; =0.027 + 0.002log (2.20)

where oy is the standard deviation of wind direction fluctuations in degrees and varies

between 0 and 30°.

The Wilson-Lamb model does not consider the influence of building geometry, although
ASHRAE (2001) recommended that B; should be small for isolated high-rise structures
due to low turbulence levels at roof level. For building heights greater than 90m., it is
recommended that oy = 0, giving By = 0.027. This value of B; may reduce predicted
dilution (increase predicted concentration) by 30% or more, compared to that for a low-
rise building in an urban environment. Note that this recommendation only applies for an
isolated high-rise building. If surrounding buildings are similar in height or higher than
the building of interest, turbulence will be high at roof level and consequently, dilution

vaiues are expected to be higher than those for an isolated building are.

The ASHRAE (2001) model was derived from wind tunnel experiments for which the
emission source and the receptors were on the roof. Li and Meroney (1983) found that
minimum dilution measured at wall receptors is significantly larger than at a rooftop
receptor that is located the same distance away from the source. Thus, it is generally
preferable to locate fresh air intakes on the upper walls of a building when emission
sources are on the roof. ASHRAE (2001) recommends that the first term of Equation
(2.19) should be increased from 0.027 to 0.10 for wall receptors, to account for the
absence of direct contact of the plume at these locations. This increase in By will result in

an increase of 30% to 50% in predicted minimum dilution, depending on the distance
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from the stack to the receptor.

Saathoff and Stathopoulos (1997) have questioned the methodology of the Wilson-Lamb
study. They contend that the influence of atmospheric turbulence on dilution cannot be
determined accurately using the Lamb and Cronn field data because of the significant

influence of other factors, such as stack height and momentum ratio.

Nevertheless, Wilson and Lamb (1994) and Wilson (1997) showed that the Wilson-Lamb
model predictions of Dpin compare reasonably well with the field data of Lamb and
Cronn (1986). Likewise, Ramsdell and Fosmire (1997) found that the Wilson-Lamb
model provided an acceptable lower bound to field dilution measurements obtained at a

number of nuclear reactor facilities.

2.4.3 Critical dilution estimation with zero stack height

Building exhaust dispersion is critically affected by the wind. If the wind speed is very
low and the exhaust speed is high, the plume rise will be large, causing a high dilution at
roof level, especially near the stack. Likewise, if the wind speed is very high, the exhaust
plume will be stretched longitudinally, resulting in relatively high dilution at roof level.
Between these two extremes exists a critical wind speed, Ucr that produces the minimum
dilution at a particular location. Note that Ui will vary with distance from the stack. By
finding the absolute minimum dilution in Equations (2.14) to (2.18), the critical wind

speed for a flush vent can be given by:
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The critical dilution at this wind speed and distance, s, is given by: [ASHRAE (2001)]
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Note that the subscript 0 of Dery, o and Uere o denotes a flush vent.

2.5 Full-scale studies on pollutant dispersion

A number of field experiments and wind tunnel studies have been performed to evaluate

the empirical dispersion models as well as wind tunnel modeling techniques.

2.5.1 Previous field studies

Lam and Kot (1993) carried out a field test to evaluate the effect of wind speed on
dilution for a single source and receptor pair. Besides the influence of short sample
duration, wind direction fluctuation may have affected the validation of experimental data

because only one intake location was considered.

Georgakis et al. (1995) carried out 72 full-scale tracer gas tests with stacks of different
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height and diameter at two buildings at the University of Toronto. The data were used to
evaluate eleven minimum dilution models. The Wilson-Chui and Wilson-Lamb models
were not included, however. One drawback of the study is that the source and receptor
pairs were not always on the same line as the wind direction. Therefore, some of the test

data may not be appropriate for model evaluation.

Lamb and Cronn (1986) performed a field study by using a chemistry building at
Washington State University. A group of stacks with varied heights and flow rates and an
array of rooftop and ground-level receptors were used in the experiment. Results of this
study have been analyzed by Wilson and Lamb (1994) as previously discussed. It should
be noted that the sampling duration was one hour in this study. As a result. an averaging
time correction is required in order to evaluate the minimum dilution models. Other
possible problems with the data set include the lack of wind stationarity and the influence

of stack height.

2.5.2 Wind tunnel and ficld comparison studies

Although a number of researchers have investigated the accuracy of wind tunnel
modeling of atmospheric dispersion, few studies have considered the particular case of

near-field dispersion of pollutants from rooftop stacks.

The results of several ground-level source wind tunnel simulations have been found to
compare well with field data [Martin (1965), Petersen and Ratcliff (1991), Petersen

(1986) and Bachlin et al. (1991), Stathopoulos et al. (1999)]. Allwine et al. (1980) carried
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out several wind tunnel simulations of field studies, which were conducted at the Rancho
Seco Nuclear Power Station by Start et al. (1977). It was concluded that the wind tunnel

results over-estimated ground-level concentrations by a factor of 1.7 on average.

Higson et al (1994) compared wind tunnel data with the full-scale measurements obtained
with a small-scale building. It was found that the highest mean concentrations measured
in the field test tend to be overestimated in the wind tunnel experiment. On the other
hand, the minimum concentrations were more likely to be underestimated. The possible
explanation was proposed as the differences in turbulence scales corresponding to the

dimension of the model building.

SaathofT et al. (1996) performed wind tunnel simulations of the field test conducted at
Washington State University by Lamb and Cronn (1986). The wind tunnel results were

generally within a factor of two of the field data.

Stathopoulos et al. (1999) carried out a full scale and wind tunnel experiment to evaluate
minimum dilution models and provides guidelines for reducing the risk of reingestion of
stack emissions. Detailed measurements have been carried out in seven field tests using
roofs of two buildings on the downtown campus of Concordia University in Montreal.
During the tests, a tracer gas was emitted from a short stack and air samples were
obtained at up to fifteen locations on the roofs using radio-controlled samplers. A
sampling period of 15 minutes was used for the field tests and, usually, ten samples were
obtained at each location. The field dilution data were then compared with minimum

dilution estimates obtained with three design formulas, the Halitsky model, the Wilson-



Chui model, and the Wilson-Lamb model; as well as with the wind tunnel study
respective data. Results of both the field study and wind tunnel study indicate that the
behavior of the plume may be dramatically affected by the momentum ratio of the

exhaust flow in the vicinity of a critical value.

2.6 Previous flow visualization and digital image processing studies

In wind engineering field, flow visualization has been widely used to study the flow
patterns, complement the quantitative estimations and provide guidance for wind tunnel
experiments. With the development of computer techniques, digital image analysis is

becoming an effective tool in pollutant dispersion studies.

Vincent (1978, 1977) described various flow visualization experiments conducted to
better quantify the growth of the wake and the eftects of inlet velocity profiles on the

dispersion of contaminants within the wakes.

Lee et al. (1988) developed a video image analysis system to investigate the vertically
integrated concentrations downwind of the building. Smoke was used to visualize the
flow and is photographed from above. Image processing provided color-contoured
descriptions of the plume, which revealed the vertically integrated concentrations. The
image analysis system was calibrated by comparison with concentration measurements.
Due to the existence of particular complications, for example the nonlinear relation
between smoke intensity and vertically integrated concentration at high smoke intensity

levels [Lee et al. (1988)], the final image may not be regarded as the true vertically
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integrated concentration measurements. However, the application of video image analysis

is demonstrated to be very useful in the study of building exhaust diffusion.

Olivari and Babuska (1990) conducted a study of pollutant dispersion in the near wake of
a cube using the digital image processing method. The flow was recorded using a high
frequency black and white video camera. Similar with Lee’s method, the video images
were quantified by referencing them with surface concentration measurements.
Therefore, both qualitative and quantitative results were obtained. Moreover, the digital

image analysis method again was proved applicable in pollutant dispersion studies.

Wu, Higuchi and Meroney (1991) reviewed the application of digital image analysis in
wind engineering studies. Samples were given to illustrate how to use video image
processing system (VIPS) to measure the flow velocity and plume dispersion. [t was also
suggested that an interpretive connection between wind tunnel studies and numerical

models might be established using the digital image processing approach.

Apparently much more work is required in order to investigate the dispersion mechanism

of the building exhaust in its near-wake area.
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CHAPTER3

EXPERIMENTAL METHODOLGY

3.1 General

As discussed in Chapter 2, boundary layer wind tunnel or water flume experiments have
been widely used in atmospheric dispersion studies. Water flume is used to conduct
visualization experiments because water has low viscosity and the velocity obtained by
water can be lower compared with air. One of the most often used experimental
techniques is the measurement of tracer gas concentration in a boundary layer wind
tunnel. The basic procedure of tracer gas test is composed of three parts: the emission of
tracer gas, the collection of air samples at receptors and the analysis of air samples. This

method was also employed in the current study.

3.2 Wind tunnel and water flume modeling criteria

The boundary layer wind tunnel or water flume is ideal for evaluating near-field dilution
of building exhaust. [n order to obtain an accurate wind tunnel or water flume simulation,
various physical modeling criteria need to be satisfied. ASHRAE (1997) recommends the
following criteria based on the research work of Cermak (1976), Snyder (1981) and

Petersen (1986):



‘f

Equivalent exhaust velocity to wind speed ratio, we/Uy;

‘f

Equivalent exhaust to ambient air density ratio, p./pa;

> Similar emission Froude number Fr* = paw.f/[(pc - pa)gds);

- Similar building Reynolds number Rep = UyD/v or ensure that it is higher

than 11.000;

’ Stack Reynolds number Res = w.ds/v should be higher than 2000 to ensure

turbulent exhaust;

Ve Similar atmospheric stability. as indicated by Richardson number Ri =
gzAT/(TU?):

g Similar vertical profiles of mean wind speed and turbulence intensity;

” [dentical scale applied to all model dimensions; and

’ Blockage of the wind tunnel cross section caused by the simulated model

less than 5%

where w. is exhaust velocity, Uy is wind speed at building height, p, and p. are the

density of air and exhaust gas, respectively, g is the gravitational acceleration constant, d;



is the effective exhaust stack diameter, v is the kinematic viscosity of outdoor air, D is the
nominal dimension, T is the temperature in °K at height z, U is the wind speed at height z

and AT is the temperature difference between that at height z and at a lower height.

It is generally not possible to satisfy all of these criteria. Fortunately, some criteria may
be relaxed, depending on the type of study. In the present wind tunnel study, the building
exhaust is non-buoyant. Therefore, it is not necessary to match the Froude number.
Moreover, since the study was limited to neutral atmospheric stability, Richardson

number matching became unnecessary.

In the wind tunnel study, the stack Reynolds number criterion was not satisfied for most
tests. Because of the small diameter of the stack, the stack Reynolds number satistied the
above criterion only when the exhaust momentum ratio was higher than 3. For 0.5 <M <
3, values of Re, range between 400 and 2000. However, since the exhaust dispersion is
dominated by building generated turbulence [Wilson and Lamb (1994)]. it is expected
that the relaxation of the stack Reynolds number criterion has little influence on wind
tunnel results, especially when the stack is in wake of upstream building. Note that a
laminar exhaust flow has been used in previous studies [Wilson and Chui (1995), Wilson

et al. (1998)].

3.3 Experimental procedure

Flow visualization experiments in the water flume at CBS were carried out to identify the

building configurations, for which the exhausted plume would affect the adjacent
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building. The results were verified in the boundary layer wind tunnel at CBS using tracer

gas technique. The experiment procedure is shown in Figure 3.1 diagrammatically.

Water Flume
Model Design

Water Flume
Model Construction

Wind Tunnel
Model Design

Wind Tunnel
Model Construction

Water Flume
Velocity Calibration

General Flow Patterns
Visualization Experiments

Visualization Experiments
of Critical Configurations

g —— e —————
v e ] T e e

Tracer Gas
Experiments

Calibration

Data
Gathering and Processing

Figure 3.1 Experimental procedure

3.4 Flow visualization study

Wind Tunnel
Velocity Calibration |

A flow visualization study was carried out in a water flume to assess the dispersion of

effluent from a rooftop source on a typical multi-unit residential building. The main

purpose of the study was to identify building configurations that may cause reingestion of

exhaust at fresh air intakes. In particular, the study focused on the effect on the near wall

of a taller adjacent building, which is upwind or downwind of an emitting building.



3.4.1 Water flume at CBS

The flow visualization experiments were carried out in the water flume of the Building
Aerodynamics Laboratory (BAL) at the Center for Building Studies (CBS), Concordia
University. The flume has a length of 4.0m, width of 1.8m, and depth of 0.6m.
respectively. The flume width at the test section is 0.75m; the water depth was
approximately 0.22m. Figure 3.2 shows a plan view and cross-sectional view of the

flume.

3.4.2 Water flume experimental procedure

In order to get the range of critical configurations of the emitting building and the taller
upwind adjacent building, a series of visualization experiments were carried out in the

water flume.

A suburban atmospheric boundary layer was simulated in the tests. The boundary layer
was created using a roughness fetch consisting of plastic blocks (Lego). In addition,
triangular spires and a fence were placed at the entrance of the channel (as shown in

Figure 3.2).

The water flume velocity was controlled by adjusting the input voltage of the pump. The
dependence of flow mean velocity at the emitting building height on voltage of the pump

for different depths of water is shown in Figure 3.3.
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Figure 3.2 Plan and clevation views of the water flume at BAL at CBS, Concordia

University

Vertical profiles of mean velocity and turbulence intensity were measured with a TSI hot
film anemometer. The data were analyzed by a Universal Wavetorm Analyzer (Model

6100), made by ANALOGIC, is shown in Figure 3.4. The velocity profile can be

approximated by the formula:

U, =Ug(i) (3.1)
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Figure 3.3 Flow mean velocity at building height varies with the voltage of the pump

where U, is mean velocity at height z and z, is the reference height. U, is mean velocity

at gradient height. The power law exponent, «. was approximately 0.24.

Two emitting building models were constructed using plastic blocks. Model A was a
square-shaped building with side dimensions of W * L = 3Imm*3imm. Rectangular-
shaped Model B had side dimensions of W * L = 62mm *31mm. The heights of both
emitting building models (H) were 57mm. Assuming a model scale of 1:1000, the models
simulate full-scale buildings 31m*3Im wide 57m high, and 62m*31m wide 57m high,
respectively. The models represent buildings with approximately 15 stories. However, the
results may be assumed to be relatively insensitive to model scale, following Wilson and

Chui (1994). Figures 3.5 and 3.6 show the dimensions of Model A and Model B,
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respectively.
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Figure 3.4 Mean velocity profile in the water lume at the model location

In the water flume study, either Model A or Model B had a single, centrally-located
exhaust outlet, which was flush with the roof surface. The outlet diameter was 1.6mm.
The plume was visualized using colored water. Most of the tests were carried out with
exhaust momentum ratio, M = 2; thus, the exhaust speed, we, was approximately 2 times
the velocity of the channel flow measured at the building height (Uy). Three other M
values (0.5, | and 3) were also used to compare the results by changing the exhaust

velocity. For typical stacks, M-values will vary between | and 6, depending on the wind
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speed. The test M values represent moderate to strong wind conditions. which tend to

produce the most critical situation for design.

155 155

-
1

A .
Unit: mm
t i |

Plan View
1585 156 155 165
| o 1 I 1 1
57 57
l::'.:.‘.':’.:'!li g
Section A-A Section B-B

Figure 3.5 Dimensions of emitting Model A (Water flume experiment)
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Figure 3.6 Dimensions of emitting Model B (Water flume experiment)

The flow speed at the building height was 0.26m/s. This value of Uy gave a building
Reynolds number (Re, = UyW/v) of approximately 8000, where v is the kinematic

viscosity of water (0.0lcmzlscc at 20°). This value does not meet the strict criterion for



Reynolds number independence, Re, = 11,000, specified in ASHRAE (2001). However,
Castro and Robins (1977) have shown that in a turbulent boundary layer, the flow around

a sharp-edged building is insensitive to Reynolds number for Re, > 4000.

Another parameter that may influence the results is the stack Reynolds number (Res =
wedy/v), where d; is the outlet diameter. The value of Re; in the present study, assuming
an M-value of 2, was approximately 800, which is significantly below the critical value to
provide turbulent exhaust flow (Res = 2000). The lack of turbulent exhaust flow may
have influenced the plume behavior to some extent. However, the effect of non-turbulent
exhaust flow should be most significant near the stack. [t is expected that at the location
of interest (the adjacent building wall), the lack of turbulent exhaust does not aftect
plume behavior appreciably, especially when the emitting building is in the wake of the

taller upwind building.

The exhaust momentum ratio, M. is an important parameter tor plume modeling. The
exhaust flow, which was simulated by colored water, was controlled by adjusting the
speed of a syringe pump. The syringe draining speed was controlled by using 74900-

Series Multichannel Syringe Pumps made by Cole-Parmer Instrument Company.

Different configurations of the emitting and adjacent buildings were tested in the initial
visualization experiment phase. Figures 3.7 and 3.8 show the various configurations that

were tested.
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Totally about 150 configurations were tested to verify the critical configurations.
Different critical configurations of the emitting building and adjacent building, i.c., the
plume from the emitting building roof-top will or will not affect the back wall of the
adjacent building, were examined after the first phase (initial visualization experiments).

Details of the critical configurations will be presented in Chapter 4.

3.4.3 Plumec visualization system

A Sony DCR-TRVI1 NTSC digital handy camera was used to record the visualization
results. The camera was placed at the location of the emitting building models and
perpendicular to the tlow. The center of the lens was set up at the same level as the
emitting building so that the magnitude of the plume rise could be captured. The test
section was covered with black plastic to exclude ambient light and eliminate reflection
from flume side-wall. The flow visualization system is shown in Figure 3.9

diagrammatically.

3.5 Wind tunnel study

After the completion of the flow visualization study in the water flume, a series of wind
tunnel tests were conducted in the boundary layer wind tunnel of the Building
Acrodynamics Laboratory (BAL). In these tests, the influence of various parameters was
investigated. Of particular interest were the distance between the emitting building and

the upwind tall building, stack location. wind direction, and exhaust momentum ratio.
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Figure 3.9 Plan view of water flume showing the flow visualization system

3.5.1 The boundary layer wind tunnel at BAL

The boundary layer wind tunnel used in the current study is an open return type with a
rectangular cross-section. It is 1.8m wide and 12.2m long. The height can be raised from
1.4m to 1.8m by adjusting the suspended roof. A turntable with a diameter of 1.21m is
placed at the downstrecam end of the facility. Figure 3.10 shows the plan view, the

elevation and the section view from downstream end of the tunnel.

The wind is generated by a double inlet centrifugal blower, which is driven by a 50HP
motor through a constant pitch V-belt drive. A wind speed range from 3 m/s to 14 m/s
can be obtained at the test section by adjusting the flow controller of the blower outlet.
By changing the floor roughness, atmospheric boundary layers for three different
standard terrain exposures (opening country, suburban. urban) can be simulated. Egg-

boxes were used in the present study to simulate the suburban exposure.
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3.5.2 Wind tunnel experimental procedure

3.5.2.1 Model design

The emitting building was constructed using square-shaped wood blocks with a side
dimension (W) of 75 mm and a height (H) of 135 mm. Assuming a model scale of 1:400,
the model represents a building 30 m wide 54 m high, i.e., almost the same dimensions as

the building used in the water flume.

The model had four different exhaust outlets, which were flush with the roof surface. By
changing the building orientation by 180", seven different outlet locations (A, B. C. D. E,
F. and G) were obtained as shown in Figure 3.11. Two adjacent building models, namely
Model A and Model B, were constructed. Model A had side dimensions of 75mm*75mm
(i.e., W, = W); Model B had side dimensions of 75mm*150mm (i.e., W, = 2W). Three
different heights, 180mm (H; = 1.33H), 225mm (H; = 1.67H). 270mm (H, = 2H), were
obtained by adjusting the attached wood blocks for either Model A or Model B. Figures

3.11 to 3.13 show the measurement wall (leeward wall) for both Model A and Model B.
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Figure 3.11 Locations of the outlets (Model A, W, = W, 8 = 0°) (wind tunnel

experiment)
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Figure 3.12 Locations of the outlets (W, = W, 0 = 45°) (wind tunnel experiment)
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Figure 3.13 Locations of the outlets (Model B, W, = 2W, 0 = 0°) (wind tunnel

experiment)

Figures 3.14 and 3.15 present the sampling locations of the two adjacent building models.
The 4mm outlet diameter represents a 1.6m full-scale diameter outlet. Most of the tests
are carried out with exhaust momentum ratio, M = 2. A limited number of tests were

performed at other M-values (0.5, 1, 3 and 4) for comparison.
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Figure 3.14 Locations of receptors on wind tunnel model (Model A, W, = W)
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Figure 3.15 Locations of receptors on wind tunncl model (Model B, W, =2W)

Figures 3.16 and 3.17 show the pictures taken from the case of Hy = 2H, W, = W, § = 0,
and 0 = 0°. Figure 3.16 shows the crosswind direction photo as well as Figure 3.17 the

along-wind direction.
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Figure 3.16 Photo of wind tunnel modecls (crosswind direction)

Figure 3.17 Photo of wind tunnel models (along-wind direction)
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3.5.2.2 Wind tunnel velocity calibration

Before each test, mean wind speed and turbulence intensity were measured. The
reference wind velocity, U,, was measured with a Pitot tube located 600 mm above the
floor of the tunnel. In a 1:400 scale, it represented a refercnce height of 240m. A second
reference wind speed, Uy, was measured using a TSI hot film anemometer at the height
of the emitting building model roof. The data were obtained with an ANALOGIC

Universal Waveform Analyzer (Model 6100).

The wind speed at the building height was 4.6m/s. This value of Uy gave a building
Reynolds number (Rep, = Uy W/v) of approximately 23000, which met the strict criterion
for Reynolds number independence. Rep = 11000, specified in ASHRAE (2001), where v

is the kinematic viscosity of the air, 0.15cm%/sec at 20°.

The value of Res (Res = wedy/ v) in the present study, assuming M =2 (i.e., we = 9.2m/s),
was approximately 2500, which met the strict criterion for Reynolds number

independence, Res = 2000, specified in ASHRAE (2001).

A suburban exposure, with a power law exponent of 0.24, was used to simulate the
atmospheric boundary layer that exists far upwind of the test section. Vertical profiles of

mean velocity and turbulence intensity are shown in Figures 3.18 and 3.19.
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Figure 3.19 Vertical profiles of turbulence intensity at model location
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The reference wind speed height, z, = 600mm, represents 240-meter in a 1:400 scale. As
shown in Figure 3.19, turbulence intensity is about 20% at emitting building model roof

(H = 135mm, which represents a 54m high building in full-scale). The solid line

represents the turbulence intensity in terms of [, = for roughness length z, =

In=
:’:"

0.24m, which is derived from the measured mean velocity data. Generally, in a suburban
to urban environment, z, varies from 0.8m to 3m (Biétry et al. [1983]). However, the
flow structure is very difticult to simulate. The low z, value may be due to the fact that
mean wind velocity and turbulence intensity were measured without any very near

surrounding buildings.

3.5.2.3 Concentration measurement procedure

As discussed in Chapter 2. the exhaust momentum ratio, which is given by M =
(p‘f/pu)0 *welUy, is a key parameter for modeling plume rise. If it is assumed that the
densities of exhaust and ambient air are the same, this parameter can be simplified as M =
w./Up. Once the wind speed at roof height is obtained, the exhaust mass flow rate (MFR)
can be varied to provide specific values of the momentum ratio. For example, to obtain M

= |, the exhaust MFR is adjusted so that w, = Uy.

The experiments were carried out by adjusting the exhaust flow rate and wind speed to

match the desired M-value.

Sulfur hexafluoride (SFg) was used as tracer gas for the wind tunnel experiments because
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it is inert and easily detectable. A certified mixture of SF¢ and nitrogen was emitted from
a model outlet and the mean concentrations of SF¢ at the wall of the adjacent building
were measured by using a Varian Gas Chromatograph (GC). Calibration curves for the

Varian GC are provided in Appendix B.

The tracer gas experiment method is presented schematically in Figure 3.20. The outlet
concentration (C.) was varied depending on dilution measured at the receptors, so that the
concentrations remained within the optimum measurement range of the GC - refer to the
calibration curves provided in Appendix B. A Matheson flow meter was employed to
obtain the precise exhaust mass flow rate. The flow control meter was calibrated

periodically during the study.

WIND TUNNEL
FLOWCONTROL || comnecten —
METER WITH STACK MODEL CHROMATOGRAPH
GAS DATA
CYLINDER EVALUATION
SAMPLE

Figure 3.20 Tracer gas experiment system

Samples of air were collected via plastic tubes and syringes from each sample location
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shown in Figures 3.14 and 3.15 by using a Multichannel Syringe Pump made by Cole-

Parmer [nstrument Company. Figure 3.21 shows the syringe pump and the models.

Figure 3.21 Photo of syringe pump and models

3.5.2.4 Critical configurations

The water flume visualization study identified the most critical building configurations
with respect to the potential for reingestion at fresh air intakes. Wind tunnel experiments

were carried out to obtain quantitative data for these configurations.

Table 3.1 presents the study configurations that were used in the wind tunnel study.
Figures 3.22 to 3.24 illustrate all the configurations listed in Table 3.1. In the figures,

emitting buildings are marked with black.
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Table 3.1 Configurations used in the wind tunnel study

Case | Wind M- |Adjacent Building| Adjacent Building | Separation Distance
No. | Direction | Value | Width (W,)(mm) | Height (H,)(mm) (S)(mm)
l 0 2 W(75) 1.33H(180) 0
2 0 0.5 W(75) 1.33H(180) 0
3 0 1 W(75) 1.33H(180) 0
4 0° 3 W(75) 1.33H(180) 0
5 0’ 4 W(75) 1.33H(180) 0
6 0 2 W(75) 1.33H(180) 0.25W(18.8)
7 0’ 2 W(75) 1.6TH(225) 0.75W(56.3)
8 0 2 W(75) 1.6TH(225) W(75)
9 0’ 2 W(75) 2H(270) 0.75W(56.3)
10 0° 2 W(75) 2H(270) W(75)
11 0 2 2W(150) 1.35H(180) 0.75W(56.3)
12 0 2 2W(150) 1.33H(180) W(75)
13 0 2 2W(150) 1.6TH(225) 1.75W(131.3)
14 0 2 2W(150) 1.6TH(225) 2W(150)
15 0 2 2W(150) 2H(270) 2W(150)
16 0 0.5 2W(150) 2H(270) 2W(150)
17 0° 1 W(75) 2H(270) 2W(150)
18 0° 3 W(75) 2H(270) 2W(150)
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Table 3.1 Configurations used in the wind tunnel study (Continued)

Case | Wind M- |Adjacent Building| Adjacent Building | Separation Distance
No. | Direction | Value | Width (W,)(mm) | Height (H,)(mm) (S)(mm)
19 0° 4 W(75) 2H(270) 2W(150)
20 0" 2 W(75) 2H(270) 2.25W(168.8)
21 45° 2 W(75) 1.33H(180) 0
22 45° 2 W(75) 1.33H(180) 0.71W(53)
23 45° 2 W(75) 1.67H(225) 0.71W(53)
24 45° 2 W(75) 1.67H(225) 1.06W(79.5)
25 45° 0.5 W(75) 1.67H(225) 1.06W(79.5)
26 45 l W(75) 1.67H(225) 1.06W(79.5)
27 45° 3 W(75) 1.67H(225) 1.06W(79.5)
28 45° 4 W(75) 1.67H(225) 1.06W(79.5)
29 45° 2 W(75) 2H(270) 1.41W(106.1)
30 45° 2 W(75) 2H(270) 1.77W(132.6)
31 0’ 2 2W(150) 1.33H(180) 2W(150)
32 0° 1 W(75) 2H(270) 0
33 0 2 W(75) 2H(270) 0
34 0° 3 W(75) 2H(270) 0
35 0 1 W(75) 2H(270) W/3(25)
36 0° 2 W(75) 2H(270) W/3(25)
37 0 3 W(75) 2H(270) W/3(25)
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Figure 3.22 Configurations tested in the wind tunnel study (I)
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3.5.2.5 Repeatability experiments

Repeatability experiments were conducted by repeating the same test on different days.
During the present study period, the injection valve of the GC was changed because of
technical problems. Typical repeatability test results are shown in Figure 3.25 for the
central stack. Some tests were performed using different exhaust concentration. Since the
exhaust concentration has an uncertainty of only 1%, the use of different tracer gas
mixtures should not contribute significantly to measurement error except due to different
GC range. Other sources of discrepancies in repeated tests are expected to be associated
with slight changes in model orientation. The variances between dilution values measured

on three different days were usually lower than 15%, although in some cases variances of
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up to 40% were obtained. The reason for the high variation in certain samplers maybe
due to the fact that their locations were lower than the emitting building rooftop (i.e., ZH
< 1, where z is sampler height and H is emitting building height), and the dilution values

obtained were higher than those obtained on the other locations.
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Figure 3.25 Repeatability of dilution mecasurements

3.5.2.6 Effect of stack height

A common method for increasing dilution is to increase the stack height. Concentrations
with three different stack heights, hy; = 2.5mm, hg; = 12.5mm, and hg; = 25mm were
measured and compared with resuits obtained with the flush outlets. At a scale of 1:400,

these stacks represent full-scale stack heights of 1m, 5m, and 10m, respectively.



CHAPTER 4

RESULTS AND DISCUSSION OF WATER FLUME STUDY

4.1 Introduction

Water flume experiments were carried out to identify the critical building contigurations
with respect to re-ingestion of exhaust gases at fresh air intakes. The study focussed on
plumes emitted from a lower downwind building which might affect the adjacent
building. The water flume study investigated the significance of various parameters.

These include:

7 M-value(M=0.5,1,2,and 3);

» Wind direction (0 = 0° and 45°);

» Adjacent building height (H, = 1.33H, 1.67H, and 2H);

» Adjacent building width (W, = W and 2W);

During the study, two emitting building widths, Model A (squared-shaped W * L =
31mm * 31mm), and Model B (rectangular-shaped W * L. = 62mm * 31mm) were used in

some cases for comparison purposes.

76



This chapter provides qualitative results obtained in visualization study. Based on the
video images, critical cases are identified for more detail study in the boundary layer

wind tunnel.

4.2 General flow patterns

As described in Chapter 3, eighteen (18) configurations were examined in the first phase
(initial visualization experiments) to verify the general flow patterns — see Figures 3.7

and 3.8.

The visualization results of the general flow patterns for all the cighteen configurations

are presented in detail in Appendix C.

The plume did not make contact with the isolated building for M = 2 and wind direction 0
= 0° and 0 = 45°, a typical video image for 8 = 0° is shown in Figure 4.1. Note that
building shape is a key factor for an isolated building. If streamwise depth is small
relative to height (i.e., H/D > 2), the plume will not make direct contact with roof
receptors. On the other hand, if the streamwise depth is large, the plume may make

contact with the roof.

Significant changes to the plume behavior were evident when a tall building was located
either upwind or downwind of the emitting building. Figures 4.2 to 4.4 show that plume
rise is significantly reduced when a building with height H, = 2H and width W, = W or

W, =2W is located near the emitting building for M = 2 and wind direction is either 8 =
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0° or 0 = 45°.

Figure 4.1 Visualization of plume from isolated building (0 =0°) (Configuration [)

Figure 4.2 shows that the flow field around the tall building significantly affects the
plume. Flow bifurcates on the windward face. At z = 2/3H, plume travels downward but
also toward edges due to low pressure. as shown in Figure 4.2 (a). However, Figure 4.2
(b) shows that if upstream building is wide, plume cannot travel around it, but instead is

brought down toward the ground and re-circulates. This phenomenon is known as Street
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Canyon Effect, — sec Figure 1.1.

(a) Model A (b) Model B

Figure 4.2 Visualization of plume with tall building downwind of emitting building

(0 = 0°) (Configuration VI)

Figure 4.3 shows the flow patterns when a tall adjacent building was located upwind for
wind direction 6 = 0°. Plume was dragged back to the adjacent building due to the wake
formed by the adjacent building. The plumes travel upward till the edge of the rooftop.

Similar results can be found for 6 = 45°, as shown in Figure 4.4.

As shown in Figure 4.5, M-value is not a very important factor in this context within a

certain range (from 0.5 to 3).
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(a) Model A (b) Modcl B

Figure 4.3 Visualization of plume with tall building upwind of emitting building

(0 = 0°) (Configuration III)

(a) Model A (b) Model B

Figure 4.4 Visualization of plume with tall building upwind of emitting building

(0 = 45°) (Configuration VIII)
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(a) M =05 b)yM=1

()M=2 (dM=3

Figure 4.5 Visualization of plume with tall building downwind of emitting building

(0=0°,M=0.5, 1, 2 and 3) (Configuration VI-1)
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From the study, the zone of influence of a building on the exhaust emitted by an adjacent

building can be summarized as follows:

\Y

The plume always makes contact with an adjacent building downwind of
emitting building. For some separations, the “street canyon™ eftect may
occur, causing contamination of the leeward wall of the emitting building
and the windward wall of the adjacent building; this configuration should

be avoided by the designer.

- The wake of upwind adjacent building may cause the plume from the
emitting downwind building to travel upwind. The zone of influence will
depend on separation distance of buildings, width of the adjacent building,
wind direction, and relative heights of buildings. This situation will be

discussed in detail in next section.

4.3 Critical configurations for a taller adjacent building upwind

Based on the general flow pattern study, the critical distance between the emitting
building and the upwind adjacent building was investigated. In total about 150 building
configurations were examined to verify the critical distance. Table 4.1 presents the
critical and non-critical distances for which the exhaust will or will not affect the adjacent
building. Figures 4.6 to 4.10 show the different cases listed in Table 4.1. Emitting

building in all these figures is marked with black.



Table 4.1 The effective distances between two buildings

Wind Adjacent Adjacent
Configurations |Direction | Building Building Critical | Non-critical Figure
©) Width (W,) | Height (H,) Distance Distance
1.33H 0.25W 0.5W
A 0 W 1.67H 0.75W W 4.6
2H w 1.25W
1.33H 0.5W 0.75W
B 0 2W 1.67H 2w 2.25W 4.7
2H 2.25W 25W
1.33H 0.5W O_.75W
C 0 2W 1.6TH 2W 2.25W 4.8
2H 2.25W 25W
1.33H N/A N/A
D 45 W 1.67TH 0.71W 1.06W 4.9
2H 1.41W L.77W
1.33H N/A 0
E 45 W 1.67H 0 0.25W 4.10
2H 0 0.25W
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Figure 4.10 Critical building separations (Case E)

As shown in Figure 4.11, the critical distance depends on relative height and width. As
height of upwind adjacent building increases, the critical distance will increase; likewise

as the width of upwind building increases, the critical distance will increase.

The full-scale equivalent width of emitting building is W = 31m. Therefore, the critical
separation of the buildings (Sc) is 0.75W = 23m for the case of W, = W and H/H less
than 1.67. If adjacent building height increases to 2H, the separation should be increased
to 31m for 6 = 0° and 44m for © = 45°. On the other hand, for a wide upwind adjacent

building (W, =2W), separations should become much larger than those of Wy =W.
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Figure 4.11 Relationship between height ratio and critical separation for M =2

Figures 4.6, 4.9, and 4.11 indicate that when the wind direction is changed from 8 = 0° to
0 = 45°, the critical distance will change from W to 1.41W at a ratio of Hy/H = 2 (Casc A
and Case D). Wind direction plays an important role in the pollutant dispersion.

Significant change in dilution will occur if the wind direction changes.

4.4 Closure

Totally about 170 building configurations were investigated in the water flume study.
Critical configurations with respect to the potential for reingestion at fresh air intake for
several building combinations were found from the tests. These configurations have been
examined in the boundary layer wind tunnel to obtain more reliable quantitative data. The

results from the wind tunnel study will be discussed in detail in Chapter 5.
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CHAPTERS

RESULTS AND DISCUSSION OF WIND TUNNEL STUDY

5.1 General

Wind tunnel experiments were carried out to provide quantitative results corresponding
to the building configurations investigated in the water flume. [n the present study, thirty-
seven (37) tests were performed using the boundary layer wind tunnel, as mentioned in
Chapter 3. All tests were performed with the emitting building downwind and obtained
data on the wall of upstream building. The wind tunnel study investigated the influence

of various parameters. These include:

’ Stack distances (X,);

exhaust momentum ratio M values (M =0.5, 1, 2, 3, 4);

“/

> Adjacent building heights (H,);
> Adjacent building widths (W3);
> Wind directions (6 = 0° and 45°)
> Stack locations; and
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> Stack heights (hg)

The wind tunnel experimental methods have been described in Chapter 3. This chapter
includes flow pattern analysis, and the evaluation of the all parameters listed on minimum
dilution. Three (3) comparisons were made between the experimental results and the
Wilson-Lamb model, ASHRAE critical dilution estimation model, and the Wilson

adjacent building back wall model.

5.2 Flow pattern analysis

A plume emitted in the wake of a structure may be trapped in there or may escape into
the free-stream depending on stack height and plume rise. In the present study,
comparison with two wake size models, namely the Wilson model and the Snyder-

Lawson model, was conducted. Details are as follows:

5.2.1 Comparison with Wilson wake size model

The likelihood of plume entrapment can be evaluated using formulas developed by

Wilson [Wilson et al. (1998)].

As previously discussed in Chapter 2, the height-difference scaling length R, cavity
length Leayiry, and cavity height Heaviy, as shown in Figure 2.7, can be estimated using
Equations (2.6), (2.8), and (2.9). Table 5.1 shows cavity wake dimensions for the

configurations used in the present study.
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Table 5.1 Dimensions of wake cavity calculated by Wilson model

Adjacent Building Wind
Model . . L.
Relative Height Direction R (m) Leaviey (m) | Heaviry (m)
Type .
(H,/H) (m) 0°)
0 0.10 0.20 0.15
1.33(0.18)
45 0.13 0.25 0.19
Model A
0 0.11 0.22 0.16
(W,=W 1.67 (0.225)
45 0.14 0.27 0.20
0.075m)
0 0.12 0.23 0.17
2(0.27)
45 0.15 0.29 0.22
1.33 (0.18) 0 0.16 0.32 0.24
Model B
(W, =W 1.67 (0.225) 0 0.17 0.34 0.26
0.075m)
2(0.27) 0 0.18 0.37 0.27

Figure 5.1 sketches the building wake recirculation cavity for the case of adjacent

building height H, = 1.67H (225mm), adjacent building width W, = W (75mm) (where W

is the emitting building width), wind direction 8 = 0°, exhaust momentum ratio M = 2.

For a separation distance S = 2W, distance between stack and upstream adjacent building

leeward wall x, = 2.5W = 0.188m < 0.216m for center stack, and h = H + hy + Ah, where
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H = 0.135m is the emitting building height, hs = 0 is the stack height, and Ah = B;Md; =
3*#2%0.004 = 0.024m (B; = 3 was suggested by Briggs (1975)) is the plume rise by jet
momentum above the top of the stack, see Appendix A for details. Since h and Heaviyy are
almost the same (= 0.16m), the plume can be treated as inside the recirculation cavity, as
shown in Figure 5.1. Similar results can be found for the case H, = 1.33H (180mm), W, =
W, S = W (75mm), 8 = 0°>. M = 2. However. in the present study, there is no
concentration on the upstream adjacent building wall for these cases. Therefore, it
appears that Wilson’s building wake recirculation cavity dimension estimation model

overestimates the cavity dimension and cannot apply for this particular building

configuration.
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<
N
N
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P\ ADJACENT I
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Figure 5.1 Adjacent buildings and recirculation cavity — Wilson model
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5.2.2 Comparison with the Snyder-Lawson wake size model

Case 8 (H, = 1.67H, W, = W, S = W, 8 = 0°) was chosen to compare with the Snyder-
Lawson wake size model. In the present study, W = 75mm, H = 135mm = 1.8W, this
makes H, = 3W and the cross-wind width W equal to along-wind length L. This
configuration can be deemed similar with the Snyder and Lawson’s case [Snyder and

Lawson (1994)] shown in Figure 2.6.

As shown in Figure 5.2, three stack locations, G. D, and A. were located at inside,
outside, and the edge of the recirculation cavity zone, respectively. In the present study,
the minimum dilution measured on the adjacent building leeward wall obtained by these
three stack locations were about 400, 15000, and 1900, respectively. Due to the low wall
dilution obtained from the adjacent building, it appears that Stack G is located within the
wake cavity zone. Stack D, which is farther. can be deemed as being out of the
recirculation cavity since the measured dilution value was extremely high. The plume
emitted from Stack A (center stack) seems to have partly escaped from the wake cavity
since the measured dilution value was in between the values measured for the other
stacks. Therefore, it can be concluded that Stack A was located at the edge of the
recirculation cavity and the model provides a good prediction for this particular building

configuration.

5.2.3 General dilution dispersion

All the results obtained from wind tunnel tracer gas experiments, described in the form of



contour plots of dilution (D = C/C, where C. is the contaminant concentration in the

exhaust and C is the contaminate concentration at receptor), are presented in Appendix D.

STACKD

—p— -

- -

AW 2W /0 W W oW 8w
ADJACENT BUILDING - . EMITTING BUILDING

Figure 5.2 Comparison with Snyder and Lawson model

The adjacent building wall dimensions were normalized as y/W and z/H. as shown in

Figure 5.3.

For the wind direction 8 = 0°, most of the dilution profiles were basically inverse bell-
shaped curves, decreased with the height increase, following the Gaussian concentration
profile. A typical example is shown in Figure 5.4. Figures 5.5 and 5.6 show two other
examples for different adjacent building heights and widths, separation distances, stack
locations, and momentum ratios. For the case of wind direction 8 = 45°, the minimum
dilution normally occurred near the roof edge of the upwind adjacent building for the
cases of H, = 1.33H and 1.67H, as shown in Figure 5.7. For the case of H, = 2H, the
minimum dilution occurred near the downstream edge of the wall at a height about 1.5H,

as shown in Figure 5.8.



In the contour plots, regions with dilution less than 500 have been shaded. This limit was
chosen rather arbitrarily to indicate potential areas of concern. In reality the critical
dilution will depend on the pollutant.
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Figure 5.3 Coordinate system of dilution contours on adjacent building wall
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Figure 5.4 Dilution contours obtained in Casc 3 (Stack location A)
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Figure 5.5 Dilution contours obtained in Case 13 (Stack location G)

95



.

—_—
i Sample

N , Llocltionl c
“Ho= P B “
U b 3 7 G A C)

D

ﬁ \;w\ o] ') ®

4 \
~ )
. . R F. E
N 2
—S

200 - R I : e

1.80 -

2/H
a
o
2
%

—
o
o
o

y/
(o)
b —

N——
2000 1500 —
— T

w0 /3000\\ 2000
0.40 020 000 020 0.40
yW

Case 9-D (S=0.75W, Ha/H=2, Wa/W=1, M=2, theta=0)

Figure 5.6 Dilution contours obtained in Case 9 (Stack location D)

96



Sample
| location
o

-1000
o \)
& o 1900
1.40 -
— 500 0 / 800
0

z/H

- / /100 700
700

120 / 800 600
//
800

190 500
9 -400
1.00 Q 10
o 0o
e N\ o 300

090 - / / - . .- .

0.00 0.10 0.20 0.30 0.40 0.50 060 0.70 080 090 1.00
1.4y/W

Case 28-B (S=1.1W, Ha/H=1.67, Wa/W=1, M=4, theta=45)

Figurc 5.7 Dilution contours obtained in Case 28 (Stack location B)

97



|m

location l

200--- - - N e e e s \ -
190 - \—\ 700’-

S, - 1100

1.70 500
/\) \) e
160
y O 600 900

1.50 - \/ -800
I Q
= S 0 7
1.40 N 9 @ -700
o
-600
130

-300

/\—/
120 __g00 800 800
900 400
4000
. OV

o, [N =

000 010 020 030 040 050 060 070 080 090 1.00
1.4y\W

Case 29-B (S=1.4W, Ha/H=2, Wa/W=1, M=2, theta=45)

Figure 5.8 Dilution contours obtained in Case 29 (Stack location B)

98



5.2.4 Closure

Two recirculation-cavity size estimation models. namely the Wilson model and the

Snyder-Lawson model, were compared. Generally, it can be concluded that:

g Wilson model does not give a representative wake cavity size for some

particular building configurations;

’ Snyder and Lawson model provides a good estimation of wake cavity size

in some particular cases;

- Generally, dilution distribution obtained in the case of 8 = 0° exhibits a U-
shape; the minimum dilution occurred at the middle of the wall near the

roof;,

- For the case of @ = 45°, the minimum dilution occurred near the root edge
of the upwind adjacent building for the cases of H, = 1.33H and 1.67H;
For the case of H, = 2H, the minimum dilution occurred near the

downstream edge of the wall at a height about 1.5H.

5.3 Effect of stack distance on minimum dilution

The influence of building separation distance S (varied from 0 to 2.25W) on dilution was

investigated. As shown in Figure 5.9, since the distances are different in the case of 6 =0°
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and 0 = 45°, and variant with the different stack locations, the normalized distance
between the stack and the upwind adjacent building (x#/W) was used. A typical value of
the exhaust momentum ratio M = 2 has been considered in this section. The influence of

M on the results is discussed in Section 5.4.
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Figure 5.9 Distance between stack and sample locations

Several empirical equations are derived in this section. Generally, the equations give a
good prediction of the minimum dilution except for the case of Hy = 1.33H, W, =W,

which forms a small recirculation cavity zone.

5.3.1 Caseof W, =W, 0=0°

Figure 5.10 shows the variation of the minimum dilution measured on the upstream
building wall with the separation distance for the case of W, =W, 8 = 0° for centerline

stacks. The minimum dilution of H, = 2H, x4/W = 1.17 (Dmin = 320) is only about 18%
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lower than that of H, = 1.67TH. xJ/W = 1.42 (Dpin = 390) due to the stacks of both
configurations were within the wake cavity zone. Nevertheless, Dupun-tia=211 (560) is about
36% lower than Dumin.ta=1 6711 (1900) for the case of x/W = 1.5 and Duin-tra=211 (2350) is
about 84% lower than Dumin-iia=1.671 (15000) for the case of x/W = 1.83. This may be
because in the latter case the plume has partly escaped the cavity. Similar results can be

found for the side stack locations (C and D).
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Figure 5.10 Minimum dilution variation with stack distance for the case of M = 2,

W, =W, 0 = 0° (centerline stacks)

[t is interesting to find from Figure 5.10 that the minimum dilution curves exhibit linear
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variation with the stack distance in a semi-logarithmic scale. The logarithmic of the

minimum dilution appears inversely proportional to the distance from stack.

Since the wake cavity zone of the case of Hy = 1.33H, W, =W, 6 =0°, M = 2 is much
smaller than that of the other two relative building heights (H, = 1.67H and H, = 2H), the

magnitude predicted by the regression line of the minimum dilution is larger.

From Figure 5.10, three (3) empirical equations were derived for three different adjacent

building relative heights, as shown in Table 5.2.

Table 5.2 Empirical equations for the casc of W, =W, 0=0", M =2

Relative Adjacent Empirical Equation Standard Equation
Building Height Deviation ¢ (%)

H,=1.33H Dunin = 3.89exp[4.62(x/W)) 56.1 (5.1)

H, = 1.67TH Doun = 0.43exp[5.63(x/W)) 18.6 (3.2)

H,=2H Dain = 8.15exp[2.90(x4/W)] 31.6 (3.3)

The standard deviations (or average discrepancies) for the cases of H, = 1.67H and Ha =
2H are 18.6%, 31.6%, respectively. However, for the case of Hy = 1.33H, 6 = 56.1% due
to the small wake cavity size. It can be deemed that the equations give a reasonable
prediction, considering the complexity of this phenomenon and the limitation of the

samplers.



53.2Case of W,=2W,0=0°

Figure 5.11 shows results for the wide adjacent building (W, = 2W). The dependence of
Dmin 0on distance is similar to that for the single-width building. However, since the wake
size is larger than that of the case of single-width adjacent building, the trends of the

minimum dilution for the three relative adjacent building heights are almost the same.
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Figure 5.11 Minimum dilution variation with stack distance for the case of M = 2,

W, =2W, 0 = 0° (centerline stacks)



Table 5.3 presents the empirical equations for the case of W, =2W. 0 = 0°. In a semi-
logarithmic graph, Equations (5.4) to (5.6) represent threc almost parallel straight lines

due to large wake cavity zone formed by wide adjacent buildings.

Table 5.3 Empirical equations for the case of W, =2W.0=0° M =2

Relative Adjacent Empirical Equation Standard Equation
Building Height Deviation ¢ (%)

H,=1.33H Dmin = 40.58exp[1.84(x/W)] 10.4 (5.4

H,=1.67H Dmin = 9.30exp([1.97(x4/W)] 4.9 (5.5)

Hy=2H D = 7-16exp[ 1.8 1(xy/W)] 4.1 (5.6)

The differences between dilution values measured and Equations (5.4) to (3.6) were
usually lower than 6%. The standard deviations are only 10.4 %. 4.9% and 4.1% tor the
three equations, respectively. It can be deemed that the equations give a very good

predicted value.

5.3.3Cascof W, =W, 0=45°

Figure 5.12 shows the results of the case of M = 2, W, = W and 8 = 45°. D is roughly

proportional to the separation distance in a semi-logarithmic scale.
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Figure 5.12 Minimum dilution variation with stack distance for the case of M =2,

W, =W, 0 = 45" (centerline stacks)

Table 5.4 presents the empirical equations for the case of W, =W, 8 =45°, M =2. Itis
interesting that for these configurations, the minimum dilution obtained by H, = 1.67H
and H, = 2H is almost the same. However, the minimum dilution regression line for the

case of H, = 1.33H exhibited difterent behavior due to a smaller wake cavity.
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Table 5.4 Empirical equations for the case of W, =W, 0=45°" M =2

Relative Adjacent .. . Standard Equation
. ) Empirical Equation
Building Height Deviation ¢ (%)
H,= 1.33H Dinn = 12.01exp[3.17(x4/W)] 37.0 (3.7
H,=1.67H Duin = 15.85exp[1.50(x4/W)] 19.0 (5.8)
H,=2H D = 16.12exp[1.56(x4/W)] 15.0 (5.9)

For the cases of Hy = 1.67H and H, = 2H. the differences between dilution values
measured and Equations (5.8) and (5.9) were generally lower than 20% and the standard
deviation is 19% for H, = 1.67H and 15% for H, = 2H. However, for the case of Hy =
1.33H. the differences were usually lower than 30%. although in some cases differences
of up to 70% were obtained: the standard deviation for this case is ¢ = 37%. It can be

deemed that the equations give a reasonable prediction.

5.3.4 Closure

Generally, within the recirculation cavity, the minimum dilution increases with stack
distance for all configurations. independent of the adjacent building width, height, and
wind direction. It has been found that the distance between stack and receptor is one of
the most important factors in reducing exhaust concentration for a flush outlet design.
Nine (9) empirical equations between the minimum dilution and stack distance were

derived for different building configurations.
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5.4 Effect of momentum ratio on dilution

[n the present study, the effect of M-value on dilution was investigated in detail by using
five different M values, namely 0.5, 1, 2, 3 and 4, in three different building

configurations for seven stack locations. The three configurations are:

(N Adjacent building height H, = 1.33H. width W, = W, building separation

distance S = 0 (i.e., no gap), and wind direction 8 = 0°,

(2) Hy=2H, W;=2W, S =2W,08=0° and

(3) Hy = 1.67TH, W, = W.S = |.IW, 0 = 45°

These configurations represent most of the cases examined in the present study.

5.4.1 Case of buildings with no separation

Figure 5.13 shows the variation of dilution with M-value for the case of H, = 1.33H, W,
=W, S =0, and 0 = 0° tor stack location A (center stack). In general, dilution values
decrease by factors of 1.5 to 2 as M increases from 0.5 to 2. A significant change occurs
when M-value reaches 2, whereby dilution values increase with M-value from 2 to 4 by a

factor of 2. Similar results could be found for the other 6 stack locations.
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Figure 5.13 Dilution variations with M-value (Stack A, $=0, H,=1.33H, W,;=W, 0 =0°)
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5.4.2 Case of buildings with separation

Figures 5.14 and 5.15 show results for case of H, = 2H, W, =2W, S =2W, 6 = 0° for
stack C. It is interesting that with this building configuration, dilution factors for all taps
decrease sharply as M-value increases from 0.5 to 2, but decrease only slightly with

increasing M for M > 2. Similar results were found for the other six stack locations.

Figure 5.16 shows the case of H, = [.67TH, W, =W, S = 1.1 W, for stack location G, but 0
= 45° Similar results are shown in this case. Dilution factors decreased as M-value
increased from 0.5 to 3. For M > 3, dilution was relatively constant at all taps. Results

obtained with the other stacks for 0 = 45° exhibited similar behavior.

A previous study carried out in a water flume for a low-rise building has found that
dilution obtained on the leeward wall of a taller upwind adjacent building increased with
M-value [Wilson et al. (1998)]. This is completely different compared with the present
study. Comparison between the present study and the previous study will be discussed in

detail in Section 5.11.

For a simple flat roof building with a flush stack, dilution on the roof has a U-shaped
variation with M. At very low M, wind speed is relatively high and consequently,
entrainment of ambient air causes high dilution. At high M. plume rise is large and thus
the apparent dilution for rooftop receptors is large [ASHRAE (2001), Stathopoulos et al.

(1999)].
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Figure 5.14 Dilution variations with M-value on upper wall surface (Stack C, S=2W,
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Theoretically, dilution dispersion also follows a “U-shape™ for the wall receptors due to
the same reason. It is still not clear why dilution dispersion in the present study in most
cases does not follow a “U-shape”, but the distance between the stack and the sample

points on the wall seems to play an important role.

All detailed results are presented in Appendix E.

5.4.3 Closure

There are two different kinds of curves for dilution distribution variation with M-value: a
reversed-bell shape behavior (U-shape) for the case of H, = 1.33H, W, =W, S=0,and 0
= 0° and a decreasing with increasing M-value shape for the other cases with separation.
These two types of curves were obtained regardless of relative adjacent building height

and width, stack location and wind direction.

It seems that the building separation is an important factor for dilution variation with M-
value. For the cases with separation, within the wake cavity zone, the plume will be
dragged into the gap formed between the two buildings. Therefore, the exhaust emitted
from the downwind lower building cannot escape easily from the wake zone even for a

high M-value (i.e., M = 4).

A more detailed study should be conducted in the future to further investigate this

phenomencn.



5.5 Effect of adjacent building height on minimum dilution

In the present study, two different adjacent building heights, Ha = 1.67H and 2H. were

chosen to check the effect of height on minimum dilution.

Figure 5.17 shows the case of W, =W, S =W, M=2,0=0° and the case of W, =2W, S =
2W, M=2, 8 = 0°. As expected, minimum dilution increases with the distance between the
stack and the adjacent building. This will be the case if the emitting building is located

within the recirculation cavity formed by the taller upwind adjacent building.
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Figure 5.17 Effect of adjacent building height on the minimum dilution
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Generally, it can be found from Figure 5.17 that

A taller upstream adjacent building gives lower minimum dilution due to

\U

larger wake region which causes the plume to be trapped in the

recirculation area;

For the single width upstream adjacent building. a large range of minimum

‘/

dilution has been observed, since the plume escapes the wake region for

some stacks.

g The large wake region of double width upstream adjacent building traps
the plume. Minimum dilution values are similar to those for single width
even though § = 2W. There is a change by a lactor about 2 in the

minimum dilution regardless of x/W ranging from 2.17 to 2.83.

Four empirical equations have been derived from the data of Figure 5.17. as shown in

Tables 5.5 and 5.6.

Table 5.5 Empirical equations for the case of W,=W,.S=W,0=0,M=2

Relative Adjacent Empirical Equation Standard Equation
Building Height Deviation o (%)
H, = 1.67H Dimin = 0.59exp[5.49(x2/W)] 13.0 (5.10)

H.=2H Dinin = 8.32exp[3.00(x/W)] 23.6 (.11




Table 5.6 Empirical equations for the case of Wa =2W,S=2W,0=0,M=2

Relative Adjacent Empirical Equation Standard Equation
Building Height Deviation ¢ (%)
i
H.=1.67H Dimin = 6.85exp[2.09(xy/W)] 13.0 (5.12)
H,=2H D = 8.20exp[1.75(x4/W)] 23.6 (5.13)

Comparing Equations (5.2) and (5.10), (5.3) and (5.11), (5.5) and (5.12), (5.6) and
(5.13), it can be found that there is very small difference between these four pairs of
equations, as shown in Figure 5.18. [t is believed that Equations (5.1) to (5.9) can predict

the minimum dilution on the leeward wall of the tall upstream building.
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Figure 5.18 Comparison between empirical equations for various cases
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5.6 Effect of adjacent building width on dilutions

Two adjacent building widths, W, = W and W, = 2W, were investigated in the present
study. The effect of adjacent building width on dilution of contaminants and the
minimum dilution are discussed in this section. The adjacent building height was H, =
1.67H, building separation distance S = 0, the momentum ratio M = 2, and wind direction

0 = 0° for both cases.

5.6.1 Effect of adjacent building width on dilution distribution

Figure 5.19 shows the dilutions obtained from the case of Hy; = L.67TH, S =W, M =2,0=
0° W, = W (Case 8) and W, = 2W (Case 31) tfrom Stack A. It can be found that for the
center stack. dilutions obtained for W, = W are roughly 8 to 9 times as those for W, =
2W. For farther stack locations, this factor becomes larger, i.c., 20-40 for Stack B, 50-70

for Stack C and Stack D.

5.6.2 Effect of adjacent building width on the minimum dilution

Figure 5.20 shows the minimum dilution variation with adjacent building width for the
case of H, = 1.67H, M = 2. S = W, and 0 = 0°. Results show that for the double width
building, the minimum dilution does not vary significantly with stack location. On the
other hand, for the single width upstream building, Dumin increases significantly as the
stack moves away from upwind building. Dpmin increases by a factor of 37, from

approximately 400 at x,/W = 1.16 to about 15,000 at x,/W = 1.83. For the double width
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upstream building, Dy increases by only a factor of 1.8 over this distance. The farther
stacks for the case of W, = W were partly or completely out of the recirculation cavity

and the plume could actually escape.
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Figure 5.19 Effect of adjacent building width on dilution distribution for case of

H,=1.67TH,S= W, M =2,0=10° (Stack A)
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Figurce 5.20 Effect of adjacent building width on the minimum dilution for the case

of H, = 1L6TH,S=W,M=2,0=0°

[t can be found that adjacent building width has a significant eftect on the minimum
dilution. Wide buildings produce less dilution at a given exhaust velocity than do narrow
buildings. The change in the minimum dilution can be a factor of 3 (for x/W = 1.18) to

about 70 (for x,/W = 1.83) when the adjacent building width changes from W to 2W.

5.7 Effect of wind direction on the minimum dilution

Two wind directions, namely 8 = 0° and 0 = 45° were tested to verify the building
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orientation effect on the dilution of contaminants. Both, dilution distribution and the
minimum dilution will be discussed in detail in this section. Both emitting and adjacent
building had the same width (w, = W) and the momentum ratio M was equal to 2 for all

cases investigated.

5.7.1 Case of H, = 1.33H

Figure 5.21 shows the dilution contours on upstream building wall obtained for 0 = 0°
and © = 45° for H, = 1.33H. Note that the separation distance is not the same due to
orientation. This figure shows the general shape of dilution distribution. Dilution

obtained on the upwind building wall decreases with increasing height for both cases.

For buildings with no separation, the minimum dilution of 8 = 45° is roughly 3 times as
that of © = 0° (for x, = 0.5W), as shown in Figure 5.22. Similar results were obtained for
other stack locations. For both cases of & = 0° and 9 = 45° the minimum dilution
increases with stack distance, and the regression lines are very close to each other in a

semi-logarithmic scale.

It is interesting that Dyuse is larger than Dy for small stack distances (i.e., Xo/W <
0.75). Theoretically, Dminas should be smaller than Dmn.oe since the crosswind width of
adjacent building for 8 = 45° is 1.41 times large as that of 8 = 0°. However, the
magnitudes of the minimum dilution are lower than 100 for this case, which means the
concentrations are relatively high and the measurement error may be high compared to

the magnitude of Dy, On the other hand, the flow structure is very different for the two



wind directions.
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Figure 5.22 Effect of wind direction on the minimum dilutions for the cases of

H, = 1.33H, W, = W, M = 2 (centerline stacks)
5.7.2 Case of H, = 1.67TH

Figure 5.23 shows that © = 45° may be the critical direction for some wall locations. For
both wind directions, dilution decreases with height. Dpinase (= 90) for xJ/W = 0.94,
which occurred in a small region in the top corner of the wall, was almost the same as

Dumin-oe (= 80) for xo/W = 0.92, which occurred at the top center of the wall.

For the case of H, = 1.67H, the minimum dilution increases with stack distance for both
wind directions, but much more rapidly at = 0° than at 6 = 45°, as shown in Figure 5.24.
This is not surprising since the wake region formed by 6 = 0° is smaller than that of 8 =
45°. Two regression lines intersect at about X, = W in a semi-logarithmic scale, where

Dmin = 80. The difference between the slopes of the two regression lines may be
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due to the fact the flow patterns are very different in the cases of 6 = 0° and 6 = 45°,

leading to different dispersion distributions in the wake.
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Figure 5.24 Effect of wind direction on the minimum dilution for the case of

H, = 1.67TH, W, = W, M = 2 (centerline stacks)

5.7.3 Case of H, = 2H

For the case of H, = 2H, as shown in Figure 5.25, Dpip4se occurred at the downstream
side of the adjacent wall at a height about 1.6H, as well as Drin-0° occurred at the middle
of the wall at almost same height. Note that the separation distance is not the same in the

two cases.
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Minimum dilution variation with the wind direction for the case ot H, = 2H is shown in
Figure 5.26. Since the adjacent building is taller than in the previous two cases, the wake
region is larger, especially when 6 = 45°. The slope of the regression line of Dminse is

much flatter than that of Dpin-o-.
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Figure 5.26 Effect of wind direction on the minimum dilution for the case of

H,=2H, W, = W, M =2 (centerline stacks)



5.7.4 Closure

Generally, it can be found from this section that:

V4 Wind direction affects wake dispersion significantly;

Fd The minimum dilution obtained from 6 = 45° is smaller than that from 0 =
0°, except for the case of building separation distance S = 0, which yields
very low dilution;

g The minimum dilution increases with stack distance for both wind

directions.

5.8 Effect of stack location on dilution

Seven different stack locations, namely A. B, C, D. E. F, and G, were investigated tor all

cases in the present study.

Theoretically, the farther the stack, the higher the minimum dilution, since the plume
emitting from a farther stack maybe out or partly out of the recirculation cavity zone,
also, simply due to distance dilution effect. It is interesting that for the farthest two
stacks, C (located at corner) and D (located at the center line), although the straight
distance between them and the adjacent building is the same, minimum dilutions obtained

for Stack C are slightly higher than those for Stack D by a factor of about 1.2~1.8, since



stack C is nearer the edge of the cavity than Stack D. The same was found for Stack F
(located at corner) and G (located at the centerline), the closest stacks to the adjacent
building, for the case of 8 = 0°. This trend was inversed for the case of 8 = 45°, because

stack D was on the other side of measuring wall.

Figure 5.27 shows minimum dilution obtained for the case of H, =2H, W, =W, and 0 =
0°. Comparing with stacks F and G. which are the closest to the upstream building. it can
be found that either center or corner stack did not affect Dpyn much. On the other hand.,
for the farthest stacks, C and D, minimum dilutions obtained trom corner stacks were
about 2 times as those from center stacks. Similar results were found for the other

adjacent building heights, H, = 1.33H and 1.67H.

Figure 5.28 shows the case for H, = 1.33H, W, =2W, 0 = 0°. The main difterence
between Figures 5.27 and 5.28 is that even for the farthest stacks, there is no significant
difference on D, between center and corner stacks. As previously discussed. wider
upstream buildings form larger wake zones and the plume cannot escape in the free

stream.

For the case of 8 = 45°, since the crosswind width of upstream adjacent building is 1.41
times as that of @ = 0°, the wake zone in this case is larger than that ot 0 = 0° Dumin
obtained from either center or corner stack did not show any significant difference within

a certain separation distance, as shown in Figure 5.29.
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Three cases are chosen to represent the effect of stack location on dilution distribution in
detail: case | (Hy = 1.33H. W, =W, S=0,0=0°,case |1 (H,= 1.33H, W, = 2W,S =
0.75W, 8 = 0°), and case 24 (H, = 1.67H, W, = [.1W, S = 0, 8 = 45°). These cases are

expected to be representative of all various configurations tested.

Figure 5.30 represents the dilution obtained from two farther stacks. C (corner stack) and
D (centerline stack) of Case | (Hy= 1.33H, W, =W, S =0, M =2, and 8 = 0°) for the
same distance between stack and adjacent building, i.e., x, = 0.83W. It can be found that
for the center stack, dilution dispersion is more uniform than that for the corner stack,
especially near the adjacent building top. The minimum dilution obtained from the corner

stack is about 2.8 times higher than that from the center stack.

For the closer stacks. F (corner stack) and G (center stack) of Case I, with x; = 0.17W,
similar results are evident. as shown in Figure 5.31. However, the difference in dilution
for corner and center stacks is much less in this case. Thus, the influence of stack location
in the cross-wind direction (as opposed to the along-wind direction) cannot be estimated
without a detailed knowledge of the flow field (wake) of the upstream building.
Considering that flow field depends on building height, shape, width, wind direction and
upstream roughness, it is not feasible to develop a design method that accounts for lateral
stack position. The best that can be done is to provide estimates of minimum dilution tor

the worst-case stack position.
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When the adjacent building height and the separation distance increased, dilution
exhibited quite large variations. Figure 5.32 shows the dilutions obtained from the two
farther stacks, C (comer stack) and D (center stack), with x, = 1.38W of the case H, =
1.67H, W, =W, S=0.7SW, M = 2, and 8 = 0°. Since most dilution factors are higher
than 3000, the stacks can be treated as out of the wake region and the extensive variation
of dilutions is not surprising. The minimum dilution obtained from the corner stack was
2.6 times that from the center stack. On the other hand, for the closer stacks, F (corner
stack) and G (centerline stack), with x, = 0.92W, the variation became smaller. As shown
in Figure 5.33, the variation becomes more uniform with height increase, especially for
the top of the adjacent building. The minimum dilution obtained from the corner stack (F)

is only 1.3 times that from the center stack (G).

Note that the minimum dilution obtained by x/W = 1.58 is 35 times higher than that by
x/W = 0.92 for centerline stack and more than 75 times for corner stack. In this
configuration the stacks were out of the wake zone formed by the upstream building
(Dunin-centerxa=t 58w = 2900 and Duuncomerxa=t ssw = 7300). The effect of exhaust emitting

from lower downstream building rooftop can be neglected here.

When the adjacent building width was changed from W to 2W, dilutions obtained with
the leeward stacks varied from 700 to 1500, the plumes were partly within the
recirculation cavity, as shown in Figures 5.34 and 5.35 for case 11 (H, = 1.33H, W, =
2W, S = 0.75W, M = 2, 8 = 0°). The minimum dilution obtained from the center stacks
(D or G) is almost the same as that from the corner stacks (C or F). This is due to the fact

that the wake is much wider than the case of W, = W,
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S =0.75W, M =2, 0 =0° (closer stacks)

As shown in Figure 5.35, dilution data obtained with stacks near the windward wall, F

(corner stack) and G (centerline stack x, = 0.92W) are similar, but the dilutions were



more uniform, as described in Case 1 and Case 7.
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Figure 5.34 Effect of stack location on dilution for the case of H, = 2H, W, =2W,
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Similar results were found when the wind direction changed from 0° to 45°.



5.9 Effcct of stack height on dilution

Dilution data were obtained with four different stack heights, hy = 0, 2.5mm, 7.5mm,
12.5mm, and 25mm, for two stack locations, center stack (A) and corner stack (F), for the
case H, = 1.67 H, W, = W, $S=0.75W, 8 = 0°. At a scale of 1:400, they represented full-

scale stack heights of Im, 3m, 5m, and 10m, respectively. The ratio of stack height to
- . / - .
building height had a range of 0 < % < 0.19. The results are plotted in Figures 5.36 to

5.39.

Generally, as a consequence of increasing the stack height. higher dilution will be
obtained at all locations on the leeward wall of the upstream building. However. for the
center stack, as shown in Figures 5.36 and 5.38, when stack height increases from Im to
3m, not only minimum dilution but also all the dilutions obtained from every tap
decreased by approx 10%. For stack height greater than 3m, dilutions increase with stack

height.

It is interesting to note that for this building configuration and wind direction, increasing
stack height provides relatively little benefit. Dmin increases by a factor of 2.1 when stack
height increases from 0 to 10m. However, this [0m height of stack will not be likely to be

accepted by architects in most cases.

Figures 5.37 and 5.39 show the influence of stack height on dilution and the minimum

dilution for corner stack (F). Unlike results obtained with center stack, data for 0 < h; <
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3m show a general increase with stack height. Note the magnitude of Dpino.f is only
about 25% of Dmin-0-a. the benefit of increasing stack height is less than that of Stack A.

The increase in Dyq is only 1.5 times for a 10-meter stack.
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5.10 Effect of distance between emitting and adjacent building on dilution

Figure 5.40 shows the variation of Dpin with distance from stack for buildings with or
without gap for H, = 1.33H, W, =W, M=2, and 6 = 0° for the centerline stacks. It was
found that gap did not affect significantly the minimum dilution, as shown in Figure 5.40;
however, the gap affected the dilution distribution on the upwind adjacent building
leeward wall. As shown in Figures 5.41 and 5.42, two different distances between the
stack and adjacent building, x, = 0.5W (no gap, centerline stack) and x, = 0.42W (with
gap of 0.25W, centerline stack). were chosen to compare the effect of gap on dilution
distribution. For the case of no gap, the dilution distribution is somewhat uniform, with
values around 30 to 50. On the other hand, dilution exhibited quite a large variation from

30 to 490 that was not scen when there was no gap present.
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Figure 5.40 Effect of gap on the minimum dilution (for the case of H, = 1.33H,

W,=W,M=2,0=0°
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Similar results can be found tor the case of H, = 2H. M =2, 8 = 0°. As shown in Figure
5.43, although minimum dilution obtained from the case with no gap is almost the same
as that from the case with a gap of W/3, the dilution distribution presented a larger

variation in the latter case.

[t is interesting to find that for the case of H, = 1.33H, W, = W, M =2, and 0 = 45°,
different results were obtained. As shown in Figure 5.44, in a semi-logarithm scale,
minimum dilutions obtained were roughly proportional to the distance between the stack
and adjacent building (xa) for both cases with or without gap. And the dilution
distribution did not appear quite difference in both cases, as shown in Figures 5.45 and

5.46 for centerline stack with x, = 1.39W.
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5.11 Comparison with Wilson’s (1998) study

Wilson et al. (1998) conducted a series water flume experiments to examine the effect of

an adjacent building on dilution values. To compare with the Wilson’s experimental data

and Wilson model, normalized dilution, Dyor, is used. Dy is defined by rearranging D =

C./C to a normalized form using the building height (H) and wind speed (Uy) at roof

height with no building present,
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where D is measured dilution factor, Q. is exhaust volume flow rate, Uy is the wind

speed at the emitting building roof height H.

To compare with Wilson’s (1998) experimental results, two building configurations were

chosen with three different M-values (M = 1, 2, and 3). The configurations are:

> H, =2H, W,=W,0=0°S =0, hy =0, center stack (Stack A);

> H,=2H, W, =W, 0 =0°S = W/3, hy = 0, upstream center stack (Stack

G).

Wilson's respective experimental data are given for the following configurations [Wilson

etal. (1998)]:

’ H,=2H, W,=W,0=0°S =0, hy = 0.175H, center stack;

e H,=2H, W, =W, 08=0°S=H=02W, hy = 0.175H, upstream center

stack.

Figures 5.47 and 5.48 show the data obtained by the two studies. The main differences

between the two studies are as follows:
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g Dyor did not vary significantly with height in Wilson’s study for a center

stack and S = 0. However, Dqor varied with height in the present study;

‘4

The magnitude and trends of Dy distribution in Wilson’s study depends
on gap size. On the other hand, in the present study, the trends were almost
the same, and the magnitudes were relatively the same, except at locations

near the roof of the emitting building.

It should be noted that Wilson'’s case, H/W = 0.2, represented a low-risc building.
whereas the present study, H/W = 1.8. represents a high-rise building. Another main
difference is the stack height, which was 0.175H in Wilson's study and 0 in the present
study. Distance from the stack to the upstream adjacent building, x,, was 2.5W for
Wilson's study, and 0.5W for present study. Finally. data obtained by Wilson was from a
water channel while the present study used a wind tunnel. All of these factors may have

an influence on the results.

Wilson et al. (1998) have developed a model to predict the effect of an adjacent building
on dilution values based on their water flume study, as previously discussed in Chapter 2.
Wilson et al. (1998) suggested that this model can be applied for building heights ranging
from 3m to 49m. In the present study, the emitting building has a full-scale height of
54m, which is close but beyond the upper height limit of Wilson’s model. However, the

model does not provide results consistent with the findings of the present study.

For the case of a lower downstream emitting building, the normalized dilution on the



adjacent building leeward wall is [Wilson et al. (1998)]:

emut Dad/
+ Dm,l,

2D
min D

emit

(5.15)

where Demic and Dyg; are the minimum dilutions obtained at the emitting and adjacent

building roofs, which are given by,

D c Yo.. .. . )
_E’% = ﬁ(-—y](——‘:u—h-]c\(p[ - uluul ] (5.16)
UyH H H 207 e

(O-\ J( o. wake \J

x| - I A
i A (5.17)
UyH’ 'y ' ; .
" cxp[ QAL[_TII"_”,“’, z, +exp (Af[ i’ﬁgyt__)_
[. 26.'..“d/u.' 20-;'“““

where Q. is exhaust volume tlow rate, U, is the effective plume convection windspeed
and is equal to U for a rooftop stack which is 4.6mV/s in the present study, oy is the plume
spread in crosswind direction and o, k. is the total vertical plume spread, hyy is the
effective plume height, z is the distance above the retlecting surface (i.c., emitting
building roof), H is the emitting building height which is 0.135m in the present study and
AH = (H, - H) is the height difference between the emitting and adjacent building. See

Appendix A for details.

The following three configurations were chosen to compare with the Wilson model for



five different M values (M = 0.5, 1,2, 3, and 4):

e H.=1.33H, W,=W,8§=0,0=0%

s H,=2H, W,=2W, S =2W, 0 = 0% and

- Hy=1.67H, W, =W, S=1.1W, 0 =45°

Figure 5.49 shows the case for Hy = 1.33H, W, =W, S =0, 0 = 0°, Stack A (center stack)
Generally the minimum normalized dilution at the upstream adjacent building leeward

wall is much lower than the model predicted, except for a tew cases with high M-values.

Significant change occurred when building configurations changed to H, = 2H, W, =2W,
S =2W, 0 = (° as shown in Figure 5.50. Minimum normalized dilution at the adjacent
building leeward wall is much higher than the model predicted. Similar results were
obtained for the third case (H, = 1.67H, W, = W, S = 1.1W, 8 = 45°). as shown in Figure

5.51. It should be noted in Wilson et al. did not obtain data for 8 = 45° in their study.

The Wilson (1998) model was developed from water flume results obtained with a
relatively low-rise building. In Wilson’s study, the emitting building has an aspect ratio
(H/W) of 0.2 and stack height hy/H = 0.175 to 0.5. In the present study, H/W = 1.8 with a
flush stack. The flow structure is consequently very different for the wake cavity, since
there is a significant difference in the flow around a high-rise building in comparison to

that around a low-rise building. In addition, data obtained from a water flume may differ



from those coming from a wind tunnel. Therefore. this model cannot really be applied in

the present study.
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5.12 Comparison with Wilson-Lamb model and ASHRAE critical dilution

estimation model

Dilution measurements were compared with predicted values of minimum dilution model
developed by Wilson-Lamb (1994) and the ASHRAE (1999) recommended critical
dilution estimation model. The minimum dilution model, which has been previously
described in Chapter 2, is:

D,, =(D°* + D*) Q.15)

mn



where initial dilution D, and distance dilution Dy can be obtained by

D, =1+13M (2.18)
and
U,s’
D, =B, (’;’ (2.17)

where M is the exhaust momentum ratio, Uy is the wind speed (4.6m) at emitting
building roof, s is the exhaust-to-intake stretched-string distance, as shown in Figure
2.12,and Q. = nchsz is the exhaust volume flux. where R, is the radius of the exhaust

stack (0.002m in the present study), and w. is the exhaust velocity.

For the distance dilution parameter B, in Equation (2.17) ASHRAE (1999) recommends
that the first term of Equation (2.20) be set at 0.027 for the roof intake and 0.10 for the
wall intake. This recommendation applies to hidden wall intakes. In the present study, the
receptors were not hidden. Therefore, the default value of By = 0.059 was used. This
value of B, simulated a moderate turbulence level (oo = 15°) in the approaching flow (not

at stack location).

As presented in Chapter 2, the ASHRAE critical dilution estimation model for a flush
vent is by finding the absolute minimum dilution in Equations (2.14) to (2.18), the critical

wind speed for a flush vent can be given by:



36w, (4,)"
U = 'u"(_‘;) 2.21)

crit .0
s\ B

The critical dilution at this wind speed and distance, s, is given by: [ASHRAE (2001)]

b

[ 26w, )
1+U :
D,,,=~——"% (2.22)

crito l"i K
IW,
1+ :

cr o

where A. is the exhaust effective area (12.57*10°m? in the present study).

Table 5.7 presents the variables used in the present study.

Table 5.7 Variables used in the present study

M-value D, w,. (m/s) Q. (l()'“m’/s)
0.5 15 23 28.90
1 14 4.6 57.81
2 27 9.2 115.61
3 40 13.8 173.42
4 53 18.4 231.22
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Figures 5.52 and 5.53 represent the comparison results with Wilson-Lamb Dy, and
critical dilution curves for M = 0.5 for different building configurations. As shown in
Figure 5.52, neither the Wilson-Lamb minimum dilution model nor the ASHRAE Derie. o
model provides conservative estimates of dilution on the leeward wall of the upstream
adjacent building for the case of separation distance S = 0. However, for the case of § >
0, both models provide realistic predictions. In addition, Wilson-Lamb model provides

better estimation. Similar results obtained for M = 1, as shown in Figures 5.54 and 5.55.
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Figure 5.52 Dilution comparison with Wilson-Lamb Model and ASHRAE critical

dilution model forM=0.5,S=0
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dilution model forM=1,S>0

For the case of M =2, W, = W, 0 = (°, as shown in Figures 5.56 and 5.57, neither the
Wilson-Lamb minimum dilution model nor the ASHRAE Dy, model provides
conservative estimates of dilution on the leeward wall of the upstream adjacent building

except for the case of S > 0.75W.

When wind direction changed to 0 = 45°, the models provide realistic predictions for all

the cases, except few points, as shown in Figures 5.58 and 5.59.
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For the case of M =2, W, =2W, S > 0.75W, as shown in Figure 5.60, both the Wilson-
Lamb minimum dilution model and the ASHRAE D, , model provide conservative

prediction of dilution on the wall of the upstream taller building.

For high M-value (M = 3, 4), it was found that neither model could be expected to
provide conservative estimations of dilution when the two buildings are attached, as
presented in Figures 5.61 and 5.63. However, when the separation distance S is greater

than 1.06W, the two models provide realistic prediction. as shown in Figures 5.62 and

5.64.
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Figure 5.56 Dilution comparison with Wilson-Lamb Model and ASHRAE critical

dilution model for W, =W, M=2,0=0°S=0
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dilution model for W, =W, M=2,0=0°,S>0

10000

1000

Dilution

100

1 10 100
Distance, s (m)

1000

O Case 21 (5=0,
Hwt=133)

e \\/ {|s0n-L.amb
model,
B1=0039

o e (Critical dilution

Figure 5.58 Dilution comparison with Wilson-Lamb Model and ASHRAE critical

dilution model for M=2,0=45°,S=0

164



10000 .

g Case22
(S=0.7W,
Ha/l1=1.33)

A Casel
($=0.7W,
Ha/H=1.67)

¥ Case24
(S=L.1W,
Ha/H=1.67)

X Case29
(S=1.4W, Ha'H
=2)

0O Case 30
(S=1.77W. Ha/H
=2)

e \}/{[son-L.amb
model, B1=0.059

1000

Dilution

100

ma e (Critical dilution

10
! 10 100 1000

Distance, s (m)

Figure 5.59 Dilution comparison with Wilson-Lamb Model and ASHRAE critical
dilution model for M=2,0=45°,S>0

100000

Case 1 (S=G.75W.
Ha/l{=1.33)

Case 12 (S=W.
Ha/ti=1.33)

Case [3(S=1 75W,
Hw/t=1 67)

Case 14 (S=2W,
Ha/H=1 67)

Case 15 (S=2W,
Ha/H=2)

Case 20 (S=2.25W,
Ha/H=2)

Case 31 (S=W,
Ha/H=1.67)
Wilson-Lamb model,:
B1=0.059

- w=Critical dilution

10000

1000

Dilution

100

+ m O b 0O o

| 10 100 1000
Distance,s (m)

Figure 5.60 Dilution comparison with Wilson-Lamb Model and ASHRAE critical
dilution model for W, =2W, M =2,0=0°S >0

165



10000 -
.- — L I A O  Case4(5=0,
[ S e el . Ha/H=1.33,
7 Wa/W=I. theta=0)
1000 §-—-— - —— o -
- Tt s T I ff o @®  Case 34 (S=0,
g T T - L T/ 7 _ HaH=2 Wa/W=[,
= — s f—iorsv —— — - - - theta=0)
a - —~; — - — —-— - —— em——\ i[son-Lamb
del, B1=0 039
w | o iiggo —o._ o o B - mode! 5
K T
e — T _' Y “*;:’ii - wwmm wmm(Critical dilution
- e O P O . —
B 2600 LA
®o - : :
I 10 100 1000

Distance, s (m)

Figure 5.61 Dilution comparison with Wilson-Lamb Medel and ASHRAE critical

dilution model forM=3,8S=0

10000 - —_— — —
- : O Case 18(S=2W,
- Ha/t=2, Wa/W=2,
theta=0)
/ A C 27(5=1.1W
ase 27 (8= .
1000 . - B Hwtl=1 67,
= -8 . Wa/W =1, theta=45)
s - B
s - +  Case 37(S=W73.
= + Ha/l=2, WayW=1.
= - I — - theta=0)
100 T .. oL I T T LT I \v“son-LM‘b
I e, s ST T L T model, B1=0.059
[ — / ’ A;#ﬁ_fi; [ — R o= e=(Critical dilution
10 Z
I 10 100 1000

Distance, s (m)

Figure 5.62 Dilution comparison with Wilson-Lamb Model and ASHRAE critical

dilution model forM=3,S>0

166



10000

1000
S
£
=
100

O  Case 5(5=0,
Ha/ti=1 33,
Wa'w=1,
theta=0)

Wilson-Lamb .
model. B1=0.059:

o= =m=(Critical dilution

1o 100

Distance, s (m)

1000

Figure 5.63 Dilution comparison with Wilson-Lamb Model and ASHRAE critical

10000
1000
=
2
E
a
100
10

dilution model forM=4,S=0

O  Case 19(5=2W,
HaH=2, WwW=2,
theta=0)

A Case 28(5=1.1W,
Ha/tl=1.67,
Waw=l,
theta=43)

e\ i|son-Lamb
model, B1=0.059

- em(Cotical dilution

10 100
Distance, s (m)

1000

Figure 5.64 Dilution comparison with Wilson-Lamb Model and ASHRAE critical

dilution model for M=4,S>0

167



Table 5.8 lists different cases examined in the present study which the ASHRAE models

provide good estimations, regardless of adjacent building height.

Table 5.8 List of cases for which the minimum dilution can be estimated by
ASHRAE models

M-value Separation Adjacent Building Wind
Distance (S) Width (W,) Direction (0°)
0.5 > 11w W, 2W 0,45
| > W/3 W.2W 0, 45
2 >0.75W Y 0
2 >0 W 45
2 >0.75W 2w 0
3 >1.06W W, 2W 0,45
4 > 1.06W W, 2W 0, 45
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CHAPTER 6

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

6.1 Summary and conclusions

Numerous visualization experiments have been carried out to investigate the critical
building configurations consisting of a tall building close to a lower emitting building and
the flow patterns in the wake region in a water flume. Results of thirty-seven tracer gas
experiments performed in a boundary layer wind tunnel have been analyzed to investigate
the dilution distribution on the wall, the ettects of stack distance, exhaust momentum
ratio, adjacent building height and width, wind direction, stack location and stack height,
as well as distance between buildings. Thirteen empirical equations for different
particular cases have been derived. based on the experimental data obtained. Dilution
data were used to evaluate the accuracy of ASHRAE dilution dispersion models and
other minimum dilution models appearing in the literature. The study led to the following

conclusions:

1. The results generally showed a good qualitative agreement between water
flume visualization experiments and wind tunnel tracer gas experiments.
Plume behavior becomes complex and unpredictable in the presence of
upstream buildings. Digital image analysis can provide detailed information

regarding the behavior of plumes emitted from roof top stacks.

169



Minimum dilution normally occurred at the center top of the upstream
building wall for wind direction 6 = 0°, and at the downwind corner top for 0
= 45°. However. when adjacent building height increases to 2H, Dyin occurred

at about 1.5H to 2/3H height, for either 8 = 0° or 6 = 45°.

Snyder-Lawson model (1994) provides a good estimation of wake cavity size
in most cases; however, Wilson’s wake size model (1998) does not give a

realistic wake cavity size for some particular cases;

The distance between stack and adjacent building played a very important role
in dilution values obtained on the upstream taller adjacent building wall.
Generally, minimum dilution obtained on the wall is proportional to the
logarithm of distance between stack and adjacent building. This phenomenon
is independent of wind direction. M-value, stack location. adjacent building

height and width, buildings with or without gap.

Wind tunnel tests show that the plume behavior is dramatically affected by
the exhaust momentum ratio. Dilution values decrease significantly when M
changes from 0.5 to 2, but much more slowly for M > 2. This phenomenon
which is independent of stack location. building separation distance and wind
direction appeared in all the building configurations except the case of two

buildings without gap for 6 = 0°.

A taller upstream building gives lower minimum dilution due to the larger
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10.

11.

recirculation cavity formed.

A wider upstream adjacent building results in a large wake region. Minimum
dilution values change by a factor from 3 to about 70 when adjacent building

width changes from W to 2W for the case of H, = [.67H.

Wind direction affects dilution distribution significantly. Dilution for 8 = 45°
exhibits clearly a different behavior for 8 = 0°. However, the minimum
dilution obtained for 8 = 45° is lower than that for 6 = 0° assuming the same

building configuration.

Within the wake cavity formed by a taller adjacent building. difterent stack
locations with the same distance along the wind direction for the adjacent

building wall yield similar dilutions.

Increasing stack height produces higher wall dilution on the upstream
building. Dilution values are generally proportional to the logarithm of

distance from stack.

Although a gap between the buildings does not affect the minimum dilution, it

affects the distribution of dilution on the building wall.

Wilson’s model (1998) cannot apply since for the case of a building attached

to the emitting building, the model provides relatively high Dmin; and for the
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case of building separated, the model provides a low prediction of Dpjy.

13. ASHRAE minimum dilution can be applied for wall dilution distribution
within wake zone for wind direction 8 = 45° and some cases for 6 = 0° when
the separation distances between the buildings are larger than 0. However, for
the casesof M =2, S <W/3;: M =3,S <W/3;and M =4, S <W/3, the models

do not provide a realistic prediction.

6.2 Suggestions for future work

Based on the work done by the study, some suggestions are made for future work. These

can be summarized as follows:

Conduct more experiments to investigate the effect of M-value in more detail, since in

the present study there are two kinds of dilution variation with M-value.

More experiments using a number of wind directions and building shapes should be

conducted to investigate further the dilution distribution in the wake region.

Conduct a full-scale experiment to evaluate the accuracy of the wind tunnel study and

develop a new model to be applied in the wake zone.

Numerical simulation may be developed based on the Computational Fluid Dynamics

(CFD) to yield additional results for cases not investigated in the present study.
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APPENDIX A

DISPERSION MODEL FOR THE BACKWALL DILUTIONS

WITH LOWER EMITTING BUILDING DOWNWIND

A.1 Normalized dilution functions

Considering a continuous source with exhaust volume concentration C. and exhaust

volume flow rate Q., the concentration C at any location (x, y, z) is given by,

, C.0, y? (h-z) (h+z)
C(x,y,z3h) = ——="—exp| - —— {exp| - ——— |+ exp}| - ——— Al
Lo ) 27U.0,0. p{ 20-}{ p[ 20! P 20! (A-D

y

where U, is the effective plume convection wind speed. h is the effective plume height.

and o, and o, are plume spreads in crosswind and vertical directions, respectively.

The maximum concentration C; on the plume centerline (y = 0) at the level of the
reflecting surface is the primary interest for exhaust stack design and environmental
impact studies. ASHRAE (1997) noted that the mass reflecting surface z = 0 is the roof

level of the emitting building.

The dilution factor D is defined as the ratio of pollutant concentration in the exhaust gas

(C.) to the pollutant concentration at any receptor (C), D = Ce/C. In order to use the
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measurement results for stack design, the measured dilutions are normalized in a form
that allows them be adjusted to a variety of full scale wind conditions, and varying ratios
of exhaust velocity to wind speed. Considering roof level concentration for Gaussian
concentration profile for a plume dispersing in homogeneous turbulence over a roof, with
reflection at building roof level. this roof centerline concentration C, at z = 0 1is,

[Panofsky and Dutton (1984)]

" aU.o,0. 20}

o . Co exp(—(hﬁAh)'J (A2)

where h; is the stack height above the reflecting surface, Ah is the plume rise.

For a building roof top stack, Uc = Uy, independent of stack height and plume rise.
Defining the emitting building roof level minimum dilution as Dmin = C/C,, Equation

(A.2) can be rearranged to a normalized form,

D o, 0. (U, - X
""“Q;' e U, expl h - (A.3)
""" H\U, 2.

A.2 Recirculation cavity dimensions
The dimensions of the building roof level cavity are, from ASHRAE (2001),

L.=09R (A4)

185



X:=0.5R (A5)

H.=0.22R (A.6)

The height-difference scaling length R based on increase or decrease in height AH of the

roof level at the upwind edge where the cavity forms,

R=AH*Y" for AH<Y (A7)

R=AH'"’Y? for AH>Y (A.8)

where Y is the crosswind width of the upwind wall of the building where the roof edge
cavity forms. The height change AH for the upwind building is just the roof height above

ground. For a downwind building,

AH =|H,-H| (A.9)

Note that a roof edge recirculation cavity will only form on the edge of a downwind

building is higher than the upwind one.

A.3 Effective plume height h

The effective plume height h above the reflecting surface (z =0, i.e., roof) is

h=h +Ah (A.10)
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where h; is the stack height above the roof, Ah is the plume rise by jet momentum Ahy, or
exhaust gas buoyancy above the top of the stack Ahy, and stack tip downwash Ah,

which are given by [Briggs (1975)] ,

Ak = (o} +am} )" - Ak, (A.11)

For case of no plume buoyancy, Equation (A.11) becomes

Ah = Ahg — Ahy (A.12)

where Ahy, is a function of the final momentum rise height. Ahy . and plume final rise

distance, Xm.t:

13
] for X <Xmr (A.13)

and
Ahg = Ahg ¢ for x> Xms (A.14)
From Briggs (1975), the final momentum rise height Ahnis,

Ahp = B3Md, (A.15)
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where the final momentum rise constant of B; = 3.0 [Briggs (1975)] based on a survey of
experimental data, d; is the stack diameter, and M is defined as the density-weighted ratio

of exhaust velocity w, at density pe to stack-height wind speed U at air density p,,

05
M:(&J ¥ (A.16)
P,

Assuming p. = pa, U; = Uy, Equation (A.16) becomes,

W,

M= (A.1T7)
H
Following Briggs (1975), the distance Xq  to the point of final momentum rise is,
X s =[iﬂT-B-3—}Wd\ (A.18)
J

where B = 0.6 is the internal self-generated turbulent entrainment constant, which is

independent of x, but may be dependent on M [ASHRAE (2001)}.

The stack tip downwash is given by,

Ah, = A4,(3.0- MM, (A.19)

with A;=1.0 for M <3.0 and A; =0 for M > 3.0.
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A.4 Model adjustments

The plume model gradually undergoes a transition to the undisturbed roof level

dispersion limit for a stack far downwind of the recirculation cavity. It was accomplished

by making the following adjustments:

\ Y

Shifting the virtual origin of the plume trajectory back to the wall location of the
upwind adjacent building if the plume lies inside the wake cavity trapping zone.

Otherwise, the plume trajectory origin remains above the stack.

Adding an initial source size Ac, wake at the trajectory origin (or virtual origin) to

account for the extra initial dilution caused by the wake.

Adding an increase in vertical plume spread Ac,a. to account for increased

turbulence in the wake of the upwind building.

Shifting the plume trajectory origin downward by a building wake downwash

AZyaxe to account for the downward deflection of streamlines in the wake.

Making AGo wake AGzwake and AZ wake dependent on distance from the stack to the
adjacent building wall, to account for the gradual decrease in cavity wake effect

with downwind distance.

No change in the product o,U. so that increased crosswind spread is cancelled
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by a decrease in convection velocity when calculating plume centerline dilution,
so 6y and Uy for the undisturbed crosswind dispersion oy can be found to predict

centerline dilution.

The proposed method treats the wake as continuous, with no specific boundary between
the trapped recirculating flow and downwind diffusion with no recirculation. The
recirculation cavity and the wake cavity trapping zone influence only the virtual origin,

and not the increase in initial source size AG, wake OF the added vertical spread Az ..

A.S Conditions identification

There are two situations for the case with an emitting building downwind of a higher
adjacent building, one is plumes fully trapped inside the wake recirculation cavity formed
by the adjacent building, and the other is plumes that arc able to fully escape the cavity.
For dilutions on the back wall of the higher adjacent building. only case one is
considered. because if most of the stack exhaust escape the recirculation cavity, there will

be no significant concentration on the wall.

Thus, the first step is to determine if the plume can or cannot escape the cavity (i.e., is it

necessary to shift the virtual origin to the position of the upwind adjacent building).

By examining dilution measurements, an upwind shift of the virtual origin should be

made if the final rise height trajectory origin fell roughly within,
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Xa < Leavity (A.20)

h <0.75 Leavuy (A21)
where the length of the recirculation cavity is

Leaviy = 2.0R (A.22)

where R is height-difference scaling length given by Equations (A.7) and (A.8), and x, is
the distance from the stack to the wall of the adjacent building. Then, if the plume is
moved back to the adjacent building, the distance x is measured from this virtual origin

and not from the stack location.
A.6 Dilution on the adjacent building backwall

The dilution D at any distance z above the reflecting surface is given by

5 -1
Dch P 7 exp _w +exp _w (A.23)
U, H H\ H 207, 262,

where Q. is exhaust volume flow rate, Uy is wind speed at the emitting building height H,
oy is plume spread in crosswind direction, 6, wae is the total vertical spread, hiwl is the

effective plume height.

The model assumed constant dilution with height, so the minimum dilution over the
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entire wall is,

_ 2DcmuDad/
min D ‘. +Dm1,

<M

(A.24)

where Demic and D,g; are the dilutions obtained at the emitting and adjacent building roofs,

which are given by, from Equation (A.23),

D lle7 =r _i.-_) o'.'.wuk:.' c\(p lc-:m! (A 23)
U!I H- H 2 -uu.k
and
il
27[ — L
D@ _ HA N (A.26)
U, H* — ? AH +h Y
H e.\'p[ (AH )hmml )- ] + exr{g H +’ lmm[ ) ]
"'o-.:.uuh' 2 :.,u‘u/w

where AH is the height difference between the emitting and adjacent buildings.

Plume spread in crosswind direction oy is given by,

Oy = Ay*x + 06, t AG, wake (A.27)

where o, and A6, wake are added initial dilution spreads.



The total vertical spread used in Equation (A.23) is defined as,

c e = O-u + Ao-u_waku + AJ:,u'ak: (A28)

2. wak

Including an initial source size Bod, in the limit of zero exhaust velocity (i.e., M = 0), the

effective initial plume spread o, can be calculated as,

8 2 \d '

A

, 3 g5
o, = liﬂ + &-[éﬁ] + Bf} d, (A.29)

where d; is the stack diameter. Perr = 0.6 is the effective entrainment constant, the same as

B [Briggs (1975), ASHRAE (1997)).

The added initial dilution spreads A, e and AG, wake are functions of the x, from the

stack location to the upwind adjacent building,

BgR
Ao =

o, wake 3
1+ 4.0 ¢
Ltuvuy

Ao = B R (A3D)

> . wake I 3
) el § Yy LT
R Lcuwly

where the impact distance Zimpact is the height of the plume trajectory above or below the

(A.30)




roof edge, before any adjustments for trajectory upwash or downwash,

2, =H+h—H, (A.32)

= 1mpuct

where H and H, are the heights of the emitting and adjacent buildings, h is the height of
the plume above the emitting building roof, see Equation (A.10). The empirical constants

for all the Ao, equations are, Bs = 0.4, B¢ = 1.0, and Bg = 0.2. respectively.

There is no distance dependence of plume spread Ao, wake since it is always evaluated at
the virtual origin of the plume. With undisturbed plume rise h, the effective plume height

is,

oy == Az, (A.33)

total

The downwash of the plume trajectory can found as,

0.21{1 - |—z’””“"’ ]
AH

- (A.34)

AZ wuke 3
1+4.o( alt J
Lcuwl}

With Az“'akc = 0, fO[' l Zimpac[ I > A[_{.
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APPENDIX B

CALIBRATION OF THE GAS CHROMATOGRAPH (GC)

A calibration curve showing sulfur hexafluoride (SF¢) concentration as a function of the
GC reading is shown in Figures B.1 to B4. A wide range of SFs concentration was
obtained by mixing a flow of a certified SFs-N> mixture with air. Since the volume of
mixed air was controlled by a syringe, the concentration of the gas mixture could be

calculated. A series of ditTerent concentration gases were measured.

During the study period. there were several technical problems including replacement of
a valve in the GC. Different SF, concentration mixtures (from Ippm to 100ppm) were
used to meet the different dilution ranges. Re-calibration was carried several times and
the GC readings were plotted with the corresponding actual concentration values for

different dates, as shown in FFigures B.1 to B.4.

The accuracy of the calibration curve was generally within 3%, although in some high
concentration values the error reached 12.5%. Table B.1 shows the accuracy for the date

of February 20, 2002.

The repeatability experiments were carried out for each calibration curve. Generally. the
experiments are repeatable. Table B.2 shows the data obtained on April 1 and April 2,

2002, and their percentage difference.



Calibration of GC (100-500ppb)(Oct. 21, 2001)
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Figure B.1 GC Calibration curves of October, 21, 2001
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Calibration of GC (100-500ppb) (Feb. 20, 2002)
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Figure B.2 GC Calibration curves of February 20, 2002
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Calibration of GC (100-500ppb) (Apr. 1, 2002)
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Figure B.3 GC Calibration curves of April 1, 2002
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Calibration of GC (100-500ppb) (May 23, 2002)
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Figure B.4 GC Calibration curves of May 23, 2002
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Table B.1 Accuracy of the calibration equation

Concentration (ppb)|  Reading Concentration retake | Accuracy
by equation (%)
500 6.080 465.486 -6.90
400 5.963 403.495 0.874
300 5.723 300.457 0.152
200 5.483 224.151 12.08
100 4.780 99.934 -0.07
80 4.539 79.921 -0.10
40 3.755 40.010 0.03
20 2.865 19.935 -0.32
10 1.887 10.181 1.86
8 1.506 7.791 -2.62
4 0.815 4.109 2.73
2 0.395 1.958 -2.11
1 0.203 0.981 -1.97
0.8 0.165 0.789 -1.39
0.4 0.090 0415 3.86
0.2 0.048 0.211 5.41
0.1 0.026 0.103 2.81
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Table B.2 Repeatability of the calibration for the date of April 1* and 2“", 2002

Date Apr. 01,02 Apr. 02,02 1]
Concentration (ppb) Reading Reading Difference (%) I
500 7.175 7.185 0.14
400 6.980 7.047 0.95
300 6.832 6.970 1.98
200 6.613 6.870 3.75
100 6.001 5.992 -0.15
80 5.725 5.705 -0.36
40 5.018 4.973 -0.89
20 4.022 4.020 -0.05 ||
10 2.877 2.962 2.88
8 2.454 2.362 -3.88
4 1.598 1.487 -7.44
2 0.616 0.584 -5.47
1 0.311 0.294 -5.52 l
0.8 0.237 0.218 -8.79 Jl
0.4 0.130 0.110 -18.10
0.2 0.073 0.070 -5.40
0.1 0.039 0.038 -4.00




APPENDIX C

DETAILED RESULTS OF THE WATER FLUME

VISUALIZATION STUDY

Totally eighteen (18) building configurations with four (4) difterent exhaust momentum
M-values, namely 0.5. 1, 2, 3, for two different models, square-shaped Model A and
rectangular-shaped Model B, were tested in the water flume study to verify the general
flow patterns for two wind directions (8 = 0° and 6 = 45°). Figures C.1 to C.18 present the

detailed images acquired for the cases described in Figures 3.7 and 3.8.
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M=05,0=0

Figure C.2 With contacted tall building upwind (Case II, Model A)

~D
(o]
o



M=0.5,0=0° M=, M=20=0°

Figure C.3 With tall building upwind (Case 11, Model A)

05.0=0°  M=10= M=2,0=0° M=3.0=0°

Figure C.5 With same height building downwind (Case V, Model A)

M M=2,0=0° M=3,0=0°

Figure C.6 With high building downwind (Case VI, Model A)
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M=1,0=45° M=2,0=45°

M=05,0=45

Figure C.7 Isolated building (Case VII, Model A)

M =0.5,0 = 45° M=1,0=45° M=2,0=45 M=3,0=45

Figure C.8 With tall building upwind (Case VIII, Model A)

M= 059 45° M=1,0=45° M=20=45° M= 39'45°

Figure C.9 With tall building upwind (Case IX, Model A)

M=05,0=0 M=1,6=0°

Figure C.10 Isolated building (Case I, Model B)
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SN .
=1,0=0° M=2,0=0° M=3,8=0°

Figure C.14 With same height building downwind (Case V, Modcl B)

%]
(=
w



PN
N -~ -
I
.’ | i\ I

M=05,0=0° M=1,0=0° M=2,0=0°

Figure C.15 Visualization of plume with high building downwind of emitting building
(Case VI, Model B)
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APPENDIX D

DETAILED RESULTS OF THE WIND TUNNEL STUDY

(DILUTION CONTOURS)

All the results obtained from the wind tunnel tracer gas experiments for thirty-one (31)
configurations are presented in forms of the dilution (D = C./C, where C. is the
contaminate concentration in the exhaust and C is the contaminate concentration at

receptor) contour plots by using the software “surfer”.

Three (3) different relative adjacent building heights (H, = 1.33H, 1.67H, and 2H). two
(2) relative adjacent building widths (W, = W and 2W), two (2) wind directions (6 = 0°
and 45°), five (5) exhaust momentum ratios (M = 0.5, 1, 2. 3, 4), seven (7) stack locations
(Stack A, B, C, D, E, F, and G), five (5) stack heights (0, Im, 3m, 5m, and 10m) were
examined in the present study for eleven (11) relative separation distances (S =0, 0.25W,
0.71W,0.75W, W, 1.06W, 1.41W, 1.75W, 1.77W, 2W and 2.25W), as described in Table

3.1.

The detailed results are arranged in the order of ““case by case™. The steps of the dilution

contours depend on the dilution values.
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Case 23-D (S5=0.7W, Ha/H=1.67, Wa/W=1, M32, theta=45)
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APPENDIX E

DILUTION VARIATIONS WITH M-VALUE

The effect of M-value on dilution was investigated in detail by using five (5) different
exhaust momentum ratios. namely 0.5, I, 2, 3 and 4. in three (3) different building

configurations for seven (7) stack locations. The three configurations are:

1. S=0, H=1.33H. W,=W, 8=0°

2. $=2W, H,=2H, W,=2W, 0=0°, and

3. S=1L.IW,H;=1.67H, W,=W, 0=45°.

The results are presented hereafter for all 21 cases in the order of “case by case™ and

“stack by stack™.
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; +Tap 35
‘g 1000 —&—Tap 36
500
0
0 0.5 | 15 2 25 3 35 4 15
M-value
Stack D, S=1L.1W, H,=1.67TH, W_=W, 0=45°, Taps 33-36
3500 Tao 1
3000 Tap
= 2500 —o—Tup 2
2 2000 —@—Tap3
= 1500 —a—Tap 4
S 1000 —%—Tap 10
500 ——Tap I
0
05 | 15 2 25 3 35 ] 43
M-value
Stack E, S=1.1W, H,=1.6TH, W,=W, 0=45°, Taps 1-4, 10, 11
1000
800 |- — -——Tap 33
S 60 |- —e—Tap 34
3 A
3 400 —&@—Tap 35
Q —a&—Tap 36
200 |- — T
0
05 I L5 2 25 3 35 4 45

M-value
Stack E, S=1.1W, H,=1.67TH, W,=W, 0=45°, Taps 33-36

~
o
o0



Dilution

Dilution

Dilution

2500
2000
1500
1000
500
0
0
1000
800 e Tap 33
600 - - —o—Tap 34
400 —&8— Tap 35
—&— Tap 36
200
0
4] 03 i 1.3 2 25 3 33 4 435
M-value
Stack F, S=1.1W, H,=1.67H, W_=W, 0=45", Taps 33,34,35,36
2500 T
2000 —o—Tup 2
1500 —&—Tap 3
1000 —a&—Tap 4
500 —H—Tap 10
’ —@—Tup 11
0
0 0.3 | 1.5 2 25 3 35 4 43
M-value
Stack G, S=1.1W, H,=1.6TH, W =W, 0=45°, Taps 1-4, 10, 11
- —— Tap 33
-S —e—Tap 34
= —&—Tap 35
a —&—Tap 36
0 -
0 0.5 1 .5 2 25 3 3s 4 45

M-value

Stack G, S=1.1W, H,=1.67TH, W,=W, 0=45°, Taps 33-36



4000 e
= -Tap 1
= 3000 {— —o—Tap3
2 2000 |- - —~8—Tap 10
2 —&—Tap 12
2 1000 — - —X— ,T?P 15
0
0 0.5 1 ] 2 25 3 35 4 45
M-value
Stack A, S=2W, H,=2H, W,=2W, 0=0", Taps 1, 3, 10, 12, 1§
4000
;50" - T T - - Tap 17
000 — )
—— 9
= 2500 | - fap |
£ 2000 |- —&— Tap 26
=2 1500 —a&—Tap 28
Q 1000 —%—Tap29
500
0
0 053 | i3 2 ] 3 35 4 45
M-value
Stack A, S=2W, H.=2H, W,=2W, 0=0°, Taps 17, 19, 26, 28, 29
2500
2000 Tap 34
—o— Tup 36
-5 1500 —&—Tap 39
3 1000 —&—Tap 41
a ap 4
500 —HK—Tap 43
]
0 03 | [ 3] 2 25 3 35 4 45
M-value
Stack A, S=2W, H,=2H, W,=2W, 0=0°, Taps 34, 36, 39, 41, 43
2000
—=—--Tap 49
= 1500 T —o—Tap 51
= ‘ s
= 1000 o —@—Tap 58
- —&— Tap 60
= s =4 - | T
0
0 05 l 1.5 2 23 3 35 4 45
M-value

Stack A, S=2W, H,=2H, W,=2W, 0=0°, Taps 49, 51, 58, 60, 61

230



Dilution

Dilution

Dilution

Dilution

4000

3500 -~ Tapli
3000 —o—Tap3
f;% ' —&—Tap 10
.I-SOO —a—Tapi2
1600 —*—Tap 15
500
0
4000 o
3500 ——Tap 17
;(3% —o—Tap 19
5
2000 —8—Tap 26
1500 —a&—Top 28
1000 —*—Tap 29
500 T
0
0 0.5 1.5 2 25 3 3.3 4 453
M-value
Stack B, S=2W, H,=2H, W,=2W, 0=0°, Taps 17, 19, 26, 28, 29
4000
300 & e T-lp 34
3000 —&—Tap 36
2500 —@—Tap 59
2000
1500 —h— T;Ip 41
1000 = : —¥—Tap 43
500 e — —
0
0 05 15 2 235 3 35 45
M-value
Stack B, S=2W, H,=2H, W,=2W, 0=0°, Taps 34,36,39,41,43
4000 R
- —x—Tap 49
3000 |- '—¢—Tap 51
2000 | :—@—Tap 58
- —a&—Tap 60
1000 {—- - _*_——Tap 6_1
0
05 15 2 25 3 35 13
M-value

Stack B, S=2W, H,=2H, W,=2W, 0=0°, Taps 49,51,58,60,61



Dilution

Dilution

Dilution

Dilution

6000 -
~—~— Tap |
4000 —o—Tap3
—&—Tap 1O
2000 —&—Tap 12
—¥—Tap 135
0
0 05 l L5 2 25 3 35 4 43
M-value
Stack C, S=2W, H,=2H, W,=2W, 0=0°, Taps 1,3,10,12,15
6000 .
~—=- -Tap t7
3000 —o—Tap (9
—&—Tap 26
2000 —&—Tap 28
—%—Tap29
0
0 us 1 ] 2 23 3 335 4 43
M-value
Stack C, S=2W, H_,=2H, W,=2W, 0=0°, Taps 17,19,26,28,29
6000
lap 34
1000 —&— lap 36
—|—Tap 3
2000 —&— Tap 41
. a —¥—Tap 4737 )
0
0 05 i 1.5 2 235 3 33 4 45
M-value
Stack C, S=2W, H,=2H, W,=2W, 0=0°, Taps 34,36,39,41,43
6000
- Tapd9
4000 ——Tup 51
—8—Tap 38
2000 —A—Tap 60
—¥—Tap 6l
0
0 05 l L5 2 25 3 335 4 4.5

M-value

Stack C, S=2W, H.=2H, W,=2W, 0=0°, Taps 49,51,58,60,61

~
(9%
(18]



g

—
g 4000 ~ +Tﬂp3
s . —@—Tap 10
g 2000 |- —&—Tap 12~
X=Tap 15
0
0 05 I I5 2 25 3 35 4 45
M-value
Stack D, S=2W, H,=2H, W,=2V, 0=0°, Taps 1,3,10,12,15
6000 [
-——=—Tap |7
g 1000 | —e—Tap 19
= —8—Tap 26
2 2000 | —a—Tawp2s
—¥— Jap 29
0
0.3 1 3] 2 23 3 35 4 435
M-value
Stack D, S=2W, H,=2H, W,=2W, 0=0°, Taps 17,19,26,28,29
4000
—=~— Tap 34
- 3000 —o—Tap 36
.§ 2000 —8—Tap 39
S : —a&— Tap 4
1000 . e =i —%—Tap 43
0
0 0.5 I 13 2 235 3 33 4 453
M-value
Stack D, S=2W, H,=2H, W,=2W, 0=0°, Taps 34,36,39,41,43
5000 — e —
——Tap 49
: 4000 —e—Tap 5t
S 3000 -1 —@—Tapss
g 2000 e —a&—Tap 60
S o0 - —¥—Tap6l
[

0.3 l I.5 2 25 3 35 4 4.

M-value

Stack D, S=2W, H,=2H, W,=2W, 0=0°, Taps 49,51,58,60,61

233

5



Dilution

Dilution

Dilution

nTap |

4000
3000 e e | —@—Tap3
2000 o ] Tyl
—a—Tap 12
1000 1 - ——— ————— B
0
0 05 | 1.5 2 25 3 35 4 435
M-value
Stack E, S=2W, H,=2H, W_,=2W, 0=0°, Taps 1,3,10,12,15
3000 L
2500 ——-Tap 17
2000 ——Tap 19
1500 —8—Tap 26
1000 —&—Tap 28
500 —¥—Tap 29
0
0 035 | 15 2 2.5 3 35 4 4.5
M-value
Stack E, S=2W, H,=2H, W,=2W, 0=0°, Taps 17,19,26,28,29
2000 I
—-—Tap 34
1500 —o—Tap 36
—&— Tap 41
500 —¥—Tap 43
0
0 0.3 I 1.5 2 25 3 35 4 45
M-value
Stack E, S=2W, H.=2H, W,=2W, 0=0°, Taps 34,36,39,41,43
2000 e
) —<—Tap 49
g 1500 - —&—Tap 51 .
S 1000 - - —@—Tap38
a —&—Tap 60
500 _
—%—Tap6l
0
035 1 Is 2 25 3 33 4 4.3
M-value

Stack E, S=2W, H,=2H, W,=2W, 0=0°, Taps 49, 51, 58, 60, 61



Dilution

Dilution

Dilution

Dilution

3000 - :
2500 o —— I‘ap ;
o - Tap to
1500 S| & T
1000 —a—Tap 12
500 —*—Tap 15
Y
0 e5 [ LS5 2 25 3 35 4 45
M-value
3000 ,A,‘_'WAT i7.
2500 | —- —— Tnp 7
2000 —Tap
—&—Tap 26
1500
; —&—Tap 28
o0 —3¥— Tap 29
500 s .
0
0 05 1 135 2 25 3 335 4 15
M-value
Stack F, S=2W, H,=2H, W,=2W, Taps 17,19,26,28,29
2000
—~—Tap 34
1500 +TJP 36
. —&— Tap 39
1600
—&— lap 41
500 —¥—Tap 43
]
0 05 1 1.5 2 25 3 35 4 43
M-value
Stack F, S=2W, H,=2H, W,=2W, Taps 34,36,39,41,43
2000 [
- Tapd9
1500 -——Tap 51
1000 —&— Tap 58
—a—Tap 60
300 Tl ox=Twel
0
o 0.5 i 1.5 2 25 3 35 4 45

M-value

Stack F, S=2W, H,=2H, W,=2W, 0=0°, Taps 49, 51, 58, 60, 61

~
(V%]
(%)



Dilution

Dilution

Dilution

Dilution

2500 . .
2000 ——Tap |
1500 —o—Tap}
’ —&—Tap 10
1000 |- T —a—Tap 12
500 % | —*%—Tpl5.
0
0 0.5 I 1.5 2 25 3 35 4 45
M-value
Stack G, S=2W, H,=2H, W,=2W, 0=0°, Taps 1, 3, 10, 12, 15
2000 . .
——Tap |7
1500 —o—Tap 1Y
1000 |- _ +Tap 26
—&—Tap 28
500 - —"‘—,,,‘,T“Pl"
0
0 053 1 1.5 2 23 3 335 4 43
M-value
Stack G, S=2W, H.=2H, W_=2W, 0=0°, Taps 17, 19, 20, 28, 29
2000 -
- Tap 34
1500 —e—Tap 36
—&—Tap 39
1000
—&—Tap 4l
500 ——)K—-Tap 43 )
0
05 1 1.5 2 25 3 33 4 45
M-value
Stack G, S=2W, H,=2H, W,=2W, 0=0°, Taps 34, 36, 39, 41, 43
2000 S
—=—Tap 49
1500 - - -~ T —e—Tapsl
1000 B —&@—Tap 58
—&— Tap 60
500 —*—Tawpel
0
05 l 13 2 25 3 335 4 45
M-value

Stack G, S=2W, H,=2H, W,=2W, 0=0°, Taps 49, 51, 58, 60, 61

£
[9%]
(=,





