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ABSTRACT

The detection and nuisance concentrations of odors are frequently quoted in terms of
dilutions from the initid source concentration. Meteorologicd disperson modding has
been used to estimate the dilutions achieved between a release point, such as a stack, and
a downwind receptor. Conventiona models have proven to yield reasonable results for
neutrd and dable amospheric conditions, within  the acknowledged limitations of
Gaussan disperson models. However in regions with numerous buildings or sharp
topography-induced turbulence, the Gaussan models are not able to provide results
which teke the turbulence into account. Computationd Huid Dynamics (CFD) is
becoming avaldble as a tool to assg with modeding the arflow and disperson of
pollutants among complex urban geometries on the scades of a section of a building
exterior up to a few city blocks. This tool adlows more accurate predictions of impacts
within the regions of locd turbulence. This can be especidly important in urban aress
where severd buildings are within a mutud zone of influence and where ar intekes are
located on the top of a building with its own recirculation zone.

This paper illudrates the capabilites of CFD in modding odor disperson in urban
microenvironments and compares the results of CFD modeling in actud source-neighbor
building dtuaions with results obtained using the conventional U.S. EPA moded ISCST3
and the newer U.S. EPA mode AERMOD in complex terrain modes.

A scding factor has been frequently used to estimate the higher, short-term response to
odors when using the 20 to 30-minute average disperson ®efficients of the conventiond
U.S. EPA models. CFD models report a steedy state solution and the results also need to
be adjusted to reflect the short-term odor response. This paper summarizes a peak-to-
mean adjustment that is appropriate to CFD modds that has been developed usng an
extensve data base collected by the U.S. EPA during its andyss of the proposa for one-
hour ambient sulfur dioxide standards.
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INTRODUCTION

Commonly in today’'s dense urban landscapes, manufacturing, food preparetion, landfills,
and other sources of srong odor are moving closer to resdentid neighborhoods and
offices. Recurring exposures to nuisance odor may increase dress at the workplace or
adversdy dffect the qudity of life a home Therefore it will be beneficd to have a
forecast of possible odor impact when a new source or new receptor is being considered,
0 changes can be made during condruction when more options are available. If odor
impacts are evident from an existing source or a an existing receptor, a tool is needed to
andyze the change in impact with dternative arrangements for the source or ar intekes.
In both of these cases, air disperson modeling is an important tool to gauge odor impacts
at dternative receptor or source conditions.

Today, the ar disperson modd most frequently used for regulatory purposes is verson 3
of the U.S. EPA modd “Industrid Source Complex — Short Term” (ISCST3). The next
generation, and recently adopted, mode is the AMSEPA Regulatory Modd
(AERMOD), which contans a more €egant method for generating and using
meteorologica variables. Each of these modds is a steady date, andog digperson mode
primarily vdidated for near-fidd andyss For far-fidd modding, CALPUFF is the
regulatory modd of choice. Although it has many advantages for odor modding,
CALPUFF is not easily agpplicable to the space and time scale of interest in urban odor
modding.

ISCST3 and AERMOD may aso be useful tools for odor impact forecasting for larger
sources in landscagpes fairly devoid of buildings other than the source building or building
group. However, neither mode is desgned to handle the interaction of the wind fied
with buildings downwind of the source building group. Further, some smal sources, such
as kitchen or lab exhaust stacks, may only become a nuisance in a very smal space scale,
when adjacent to building ar intakes or windows or near neighboring buildings. Nether
model was intended to handle the specifics of wind flows around the details of buildings.

In contrast, Computationa Fuid Dynamics (CFD) is precisdly appropriate for modeling
these smdler scaes, where the interaction of wind with the building eements and nearby
buildings is important in determining the path of the odor plume. CFD can be used to
directly compute the deady date wind-flow around buildings and over topography.
Recirculation zones, wind jets, turbulence, and buoyancy can al be taken into account to
modd the plume stream and compute concentrations at nearby receptors.

In this paper, two sample projects are discussed. The firgt illustrates modeling dispersion
of an odorous kitchen exhaust around a set of buildings to adlow design decisons to
prevent future impacts a severd ar intakes on another building. This example
demondgrates why ISCST3 or AERMOD would not be useful tools for small-scale odor
impact anadyss. The second illudrates a larger scde, comparing the modeing results
usng three different models. a CFD mode, ISCST3 and AERMOD. The drengths and
wesknesses of each model are discussed.



PHYSICAL THEORY UNDERLYING CFD, ISCST3, AND AERMOD

Computational Fluid Dynamics

CFD modding badcaly solves the fundamenta physcad equaions of conservation of
mass, momentum and energy for a fluid, in this case ar, moving through a space that has
been subdivided into smal, fixed geometric volumes. This generates five equations (the
continuity equation, the consarvation of momentum equation in three dimensons, and the
energy equation) which are expressed with seven unknown variables (pressure, dengty,
temperature, internal energy and three direction components of veocity), cdled the
Navier-Stokes eguations. Such a sysem of equations is not directly solvable without
additiond assumptions that can generate additional equations leading to an equa number
of equations and unknown variables. The easest assumption to make is tha the fluid is a
pefect gas, which is reasonable for ar a the surface, dthough the gravitationd pressure
gradient in the real aimosphere limits the range of vdidity of this assumption.

The mogst usgful solutions to these dynamic equaions ae the equilibrium solutions
averaged over space and time. To find the deady date solution, Reynolds (or
“ensemble’) averaging is applied to the equations. That is, the equations are solved for
the mean of ut) = ut) = mean(u + u'(t)). When this satement of the time varying
veodity is subdituted into the equations, vector cross product terms are generated, which
are known as the Reynold's sresses. The averaged resulting equations are caled the
Reynolds averaged Navier-Stokes (RANS) eguations. Turbulence modeling is the
accounting for these dresses and their disspation throughout the modd space. The much
used K-e turbulence modd makes the additiona assumption that the disspation rae is
the same in dl directions in free space, which is reasonably accurate for lower veocity,
but turbulent, winds in the atimospheric boundary layer.

CFD modding then proceeds by finding a numericd solution to this set of equations for
eech smdl geometric volume in the modd and maiching the solutions a each face of
eech volume. Finding a scheme for meking these cdculations and meatching up the
results a each face in such a way tha the iterdive trid and error caculation quickly
converges to a dable (that is, less than a specified smal change with each successve
iteration) and approximately consstent answer throughout the entire space was the
mathematica breakthrough that alowed CFD modding.

The solutions can be solved in padld for different species in the same space 0 the
disperson of one species, such as a pollutant released at a point, can be mapped as it
mixes and is transported downwind by the man trangport wind and crosswind by the
turbulent eddies. The CFD moded then represents a steady state solution of the average
wind fidld over a period of time with certain atmospheric conditions. However, physicd
arflow a this scde is highly varidble, and never in seady dae. True digperson of the
plume would be quite chaotic, with sections of the plume potentidly quite a laterd
digance from the average plume centerline a any one time. In the Gaussan digperson
models, the solution represents the average concentration over time a locations adong and
perpendicular to the plume centerling, as determined by the fiedd studies that were used to



create the disperson coefficients The results reflect the averaging period of the
experiments, which ranged upward of 20 to 30 minutes. With CFD modds we generate
the concentrations perpendicular to the transport direction by turbulent eddies, with szes
that derive from the congtants we choose for the modes. Thus, nether approach is
capable of providing an ingantaneous sngpshot of the dispersing plume.

CFD modding is essentidly a computerized wind tunnd. In the pad, large manframe
computers were required to compute CFD problems. With the advent of fast, powerful
desktop computing, the ability to mode complex computationa fluid dynamic problems
in economica timeframes has increesingly become a redity. Now, usng an efficient
commercid CFD package, a problem can be solved in a matter of hours on a desktop
computer. We have found that a computer with 1Gbyte of memory and operating a 2
GHz on a single processor is adequate to provide runs in a reasonable time (often from
minutes to afew hours but up to overnight for very complex models).

Many commercid CFD packages are now avalable that offer a variety of features, but
the main aspects of the CFD approach is smilar for most packages. Fire, a package has a
geometry credtion and visudization program where the CFD problem is set up. The
project geometry and mesh, including buildings, topography, vegetation, and boundary
conditions such as ar inlets, outlets, and exhaust stack parameters, are dl established in
this fird program. The mesh defines the boundaries of the free space in which ar
trangport occurs but dso defines the smal computation volumes in that free space. When
the modd parameters are dl defined, the CFD project is sent to a second program, the
solver. In the solver, the equations of fluid motion are solved for the given geometry by
waking the solution across dl the computation volumes and dowly forward in time, to
dlow the turbulent eddies and other festures of the flow field to develop and reach
equilibrium. Since the deady date solutions to the equations of motion are parametric,
this time-marching technique, given adequate initid conditions, can reach a deady Hate
solution. Fndly, the solution is loaded into a visudization program, where flow fidd
dreamlines, locd velocity vectors, scalars, such as species concentration or temperature,
and avariety of other features can be graphed to observe the results.

The commercid CFD package we are using is CFD2000 by Adaptive Research, which is
equipped with the fast, efficient STORM ®lver. This program provides the classcd firg-
order closure scheme, severa turbulence modds to account for steady state turbulence
and advanced numerica schemes to solve CFD problems efficiently. Severd types of K-
e turbulence modds are available to use with the solver including a Re-normdized Group
(RNG) modd, and ChenKim model. Some other packages provide additional modds
but current reports do not suggest ther results are sgnificantly different for these types of
projects. The Large Scade Eddy modd holds promise as a ussful modd but at this time
the agorithms require more computationa power than the current desktop computers can
providein areasonable time.



ISCST3 PRIME

Unlike CFD, ISCST3 does not compute the wind fields and then transport the released
pollutant progressively through the fidd. ISCST3 relies on a single point observation of
the winds and assumes this one direction and wind speed is vdid for dl locations in the
domain for the specified observation hour. The wind speed dong the plume centerline,
however, is vaied with the height of the plume centerline above the terrain, using
different vaues for a power function factor for ungtable, neutrd and stable amospheric
conditions. It then changes the wind speed and drection a dl locations for the next hour
to that observed and calculates vaues for that following hour. This is consdered a vdid
approach snce modding over many hours yidds an average vaue which has been found
to correspond reasonably well with the observed average vadues downwind or with a
maximum hourly vaue tha may not be actudly observed during the hour of the
ca culated maximum but corresponds reasonably well with the maximum observed vaue.

The pollutant is assumed to be released a the source and then transported ingtantly to dl
receptors. The concentration decreases with the distance dong the downwind plume
centerline from the source and horizontaly and verticdly from the plume centerline as
determined by the disperson coefficients, which differ for ungable, neutral and dable
conditions and urban or rura surface roughness.

If an dection is made to consder terrain in the ISCST3 cdculations, terrain that rises as
you move away from the release point is accounted for by either assuming it is not there
a dl or by floating the plume up with the terrain. In the first case, the receptor devations
are raised to their own height above the terrain plus the height of the terrain but the plume
remans a its find plume rise devation resulting in the receptors being located closer to
the more concentrated center of the plume (“flagpole receptors’). In the second case, the
centerline of the plume is moved up, following the terrain up until the terrain is the same
height as the release devation of the stack. For receptors that are higher than the find
plume heght before the terrain, the plume remans a its origind eevaion for dable
atmospheres but is moved up further, a haf the rate of actud rise of the terrain for
ungable and neutral atmospheres but dways at leest 10 meters above the terrain. For
receptors above the find plume rise devation, the horizontd spread of the plume is
assumed to be uniform over a 22.5° sector. Thus for these receptors the downwind
digance is the direct distance between the source and receptor without consideration of
the crosswind distance. For receptors of height intermediate between the release height
and the find plume rise devation, caculations are made following both schemes and the
highest concentration is used.

Concentretion cdculations in the immediate vicinity and downwind of buildings, a
location where odor cdculations are often required, are computed using separate building
downwash dgorithms. The PRIME downwash mode has been recently introduced as an
addition to both the ISCST3 and AERMOD modds and a replacement for earlier, smpler
downwash modes. It is semi-empirica, being based on detalled fidd studies and wind
tunnd measurements to st the values of some of the condants as well as numerica
solutions of the Navier- Stokes equations.



PRIME cdculates the heght and length of the cavity above the roof and the length and
horizontd extent of the cavity behind the building from the building dimensons and the
wind direction with respect to the building. The dopes of the dreamlines of ar
movement agpproaching, over and behind the building ae then cdculated using
information about the building dimensons and the wind direction. The cdculaions of the
plume path near the building determine if the plume will be captured entirdy or partidly
in the rooftop cavity or the cavity behind the building. If it is the pollutants in the cavity
are assumed to be well mixed within the cavity and are modeled downwind as a volume
source the size of the cavity. The pollutants that are not captured by the cavity are
modeled downwind as a virtua point source and the two sources are added together.

Downwind of the building both the horizontd and verticd disperson coefficients are
increased by the enhanced turbulence intendty in the cavities and the building wake.
When the turbulent intengty in the wake has decayed to ambient levels, a virtua source
distance is edimated by PRIME to trangtion to the standard 1SCST3 formulation and
disperson coefficients.

PRIME can be used with more than one building close to the source stacks but cannot be
used to compute the plume path through or affected by the building cavities for another
building or group of buildings a a disgance downwind from the initid indudrid source
complex.

AERMOD

Like ISCST3, AERMOD assumes that the windfidd is uniform throughout the modding
domain for each hour and transports the pollutant ingtantly to al receptors, changing dl
agan the following hour. AERMOD has stayed close to the data requirements and
externd interface of 1ISCST3 in order to ease the trandtion of the user community, but
this is where the gmilaity ends AERMOD provides a much more deailed
characterization of the amospheric conditions at the location of the source and each
receptor, yielding potertidly different vaues for the concentrations from that calculated
by ISCST3. That the predicted concentrations are quite Smilar in many cases is
testimony to the subgantid skills of those who conducted the experiments that generated
the empiricd dability classficaion scheme and the empiricd digperson  coefficients
used in ISCST3.

AERMOD differs from ISCST3 in its development of amospheric stability informeation
from the meteorologicd data, in the resulting disperson coefficients and verticad profiles
of wind, temperaiure and turbulence, in its plume rise cdculaions, in its treatment of
both the convective (unstable) boundary layer and the stable boundary layer, and in its
characterization of and trestment of terrain.

AERMOD is based on damilarity scding of the surface boundary layer of the atmosphere,
somewhat like the use of Reynolds numbers to characterize laminar and turbulent flow in
fluids. This approach builds from an understanding of the importance of the energy



baance in the lower amosphere and the surface roughness, which generates mechanica
turbulence as wind blows across the surface. The energy baance is caculated from the
hourly solar devation angle, surface temperature, and cloud cover and the seasonal
dbedo (that is, the surface reflectivity) and soil moisture or from a direct measurement of
the hourly net solar radiation. Estimates of soil moisture, surface roughness and abedo
can be developed from loca land use data The computed sensible heat flux, most
importantly if the flux is toward or away from the surface, then characterizes the

amospheric stahility.

Because AERMOD can accept meteorological data from severd devations and not just
the sngle point used by ISCST3, it uses interpolations of the actua meteorological data
between any multiple levels avalable to it. Below the lowest levd of measurements and
above the highest levd it uses dmilarity scading of the vaiables to develop devation
gpecific vaues If only one messurement leve is avalablee AERMOD uses smilarity
scaling throughout the boundary layer.

Depending on the dability, AERMOD follows two different procedures for computing
the basc information it needs to laer scde the various meteorologica vaiables and
make cdculations of disperson coefficients. For convective conditions AERMOD firgt
computes the surface friction velocity and the Monin-Obukhov length from the energy
baance results and the measured surface wind speed. Next it computes a convective
velocity scde and temperature scale from the energy baance results and the measured
early morning temperature sounding for that day. For dtable conditions AERMOD uses
the measured wind speed and the cloud cover or a two level Eemperature measurement to
cdculate the sengble heat flux, temperaure scale, surface friction velocity and Monin-
Obukhov length.

The surface friction velocity is used to scde the wind speed with eevation, dthough
AERMOD uses different computation procedures for the convective and stable layers.
The wind direction is not changed with devation unless multiple levd measurements
show a rotation. In a convective layer the temperature is assumed to be congtant above a
thin surface layer while in a gable layer AERMOD cdculates the temperature gradient at
each eevation from the temperature scale and the Monin-Obukhov length.

In the stable boundary layer both the verticd disperson coefficient and the horizonta
disperson coefficient ae teken as entirdy due to mechanicd turbulence and ae
cdculaed from the surface friction veocity, dthough through a different formulaion for
the verticd and horizonta vadues. In the convective boundary layer both coefficients are
the sum of the mechanicd turbulence value used with the stable boundary layer and a
vaue computed usng the convective velocity scde, again with a different formulation
for the horizonta and vertica coefficent. Each digperson coefficient is scded with
heght above the surface. The resulting concentration didributions ae Gaussan in a
dable layer and in the horizontad in a convective layer. The probability distribution
function is bi-Gaussan in the verticd in a convective layer. AERMOD modifies the
digributions to take into account the additiond mixing in dable layers in urban areas due



to heat generated near the surface even a night and the broadening of the plume due to
plume meander.

Because AERMOD scdes with devation the vaues needed to compute concentrations,
the computationd domain has an inhomogeneous boundary layer. To smplify the
cdculations AERMOD cdculaes an “effective’ average vadue for the wind speed,
disperson coefficients and temperature gradient over the region between the receptor
height and the elevation of the mass centroid of the plume at that distance. For sable
conditions the centroid is jus the plume centerline dong the find plume rise For
convective conditions the centroid can be above that centerling requiring a more
complex calculation of the average.

To treat risng teran AERMOD computes for each receptor a terrain height scde.
AERMOD then modeds plumes for two cases, receptors that are a a height equa to ther
own height plus the height of the terrain and receptors that are only a ther own heght.
This effectivdly crestes a plume that ignores the teran and a plume that follows the
teran. AERMOD uses the teran heght scde the height of the plume reative to the
terrain, the degree of amospheric dability and the wind speed to weight each of the two
cases and then add them together to obtain the concentration estimate for the receptor. In
dable conditions the plume that ignores the terrain is given the mos weght while in
neutral and unstable conditions the plume traveling over the terrain is dominant.

The PRIME downwash dgorithms are implemented in AERMOD using the gppropriate
vaues cdculated by AERMOD to drive the PRIME cdculations of the dimensons of the
recirculation and building cavities However, dmilar to its teran caculations,
AERMOD makes cdculations for two cases, one for a plume affected by building
downwash and one for a plume that is not. The two cases are added up with a weighting
factor that depends on the receptor location in the building wake. If the receptor is wholly
within the wake region the downwash mode is used. As the receptor distance moves
beyond the immediate wake region the weighting is increased for the plume not affected
by the downwash until a point where the turbulent intendties have decayed to ambient
levels and the downwash plume is no longer counted. A light wind correction factor
avoids overpredictions of downwash effects at low wind speeds.

ODORSAND DILUTIONS

When modding odors, the primary interest is in determining the approach of the released
odor to a nontnuisance or non-detecteble levd a the receptor. This is most easly
expresed as how many dilutions with cleen ambient air the odor has experienced
between the release point and the receptor. This can be modeled using a source set for
100 percent exhaust of the odor and then identifying the concentration isopleth
corresponding to the desred dilution level. For example, a the concentration isopleth of
0.01 the odor will be diluted 100 times from the source concentration.



Before the odor concentration can be cdculated, a steady state wind fiedld must first be
modeled to establish the transport conditions. Next, the fully-evolved wind fied is frozen
and the odor is introduced into the fied at the source. Scaar transport of the odor is time
marched until a steady state of odor concentration is reached in the domain. Visudization
tools dlow display of the area within the outer limits of a plume a this concentration (or
dilution) or as the concentrations adong a viewing screen showing the isopleths or a color
scade of concentration. Both visudization methods are shown in the projects illustrated in

this paper.
Time scaling of modeled odors

The human response to odors is generdly quite short term, on the order minutes or less.
Steady date meteorological disperson modes provide results that are averaged over
much longer periods. The disperson coefficients used with ISCST3 were developed from
experiments with an averaging time of gpproximately 20 to 30 minutes. No detaled
evauation has been made of the various experiments that have formed the basis for
sdlection of the congtants used in AERMOD or the CFD models but they can be assumed
to be of asmilar order.

Andyss of ambient daa has found regular relations between the concentrations
measured at shorter times and a longer times. For times of the order hours compared to
times of order days or months the ratio is patidly related to the placement of sources
relative to the receptor and the emisson characteristics of the particular type of loca
source. But for times of the order minutes compared to gpproximately one hour the ratio
is controlled amog entirdy by fluctuations in the windfiddd except for Stes immediady
adjacent to a rgpidly varying source. Turner (1970) reviewed severa studies that support
a power law reation between the time periods of the short-term average value and the
long-term average vadue and recommended a vaue between 0.17 and 0.2 for the
exponent. For a converson from a one-hour concentration to the equivdent 3-minute
concentration he recommends a factor of 1.7. For converson from a 20-minute vaue to
the equivaent 3-minute vaue the factor would be 1.4.

More recently the EPA has conducted studies (Thompson, 2000) of 5-minute and one-
hour ambient data to support a proposed one-hour ambient sulfur dioxide standard. The
nationa monitoring network contains Smultaneous 5-minute and longer average vaues
for sulfur dioxide from 14 dates for up to 11 years. There were nore than 1 million data
pars in ther data set. EPA developed ratios between the maximum 5-minute average
vaue in an hour and the one-hour average vaue for the same hour a the same monitor.
A cumulative probability plot of the raios is given in Fgure 1. Reandyzing ther data
yidds an average ratio for 5-minutes to one-hour of 1.38 with a standard deviation of
0.11. This would suggest an exponent of 0.13 for the power law function. At plus one
gandard deviation the suggested exponent would be 0.16 while a& minus one standard
deviation the exponent suggested is 0.11.

We have elected to use 1.4 as our correction factor for consstency with past practices.
Because dilutions are the inverse of odors as they are presented, it would be necessary to
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Figure 1. Cumulative probability distribution of ratios of 5-minute peak to 1-hour
mean. (Source: Thompson, 2000)

display a CFD computed plume boundary or isopleth at 715 dilutions to properly display
a short-term plume sensed as a 1000 dilutions.

KITCHEN EXHAUST STACK CASE STUDY

This project is an example of the power of CFD to analyze odor impact in locd, urban
scales. The interaction of arflow between two sets of adjacent buildings in this project
determines the path of the plume, a path which is dearly not the Sraight-line trangport
assumed by the Gaussan models. Sengtive receptors exist on both sets of buildings and
a different elevations. The objective of this project is to determine the best stack location
and height to minimize any odors from kitchen sacks on one building a the sengtive
receptors on the other buildings. These receptors are residences and offices with long-
term occupants who will complain about repested stack odors. The particular type of
resaurant planned for the location is expected to be frying and releasng sgnificant
quantities of garlic and soy sauce odors. These odors have been observed to have a very
low detection concentration and a high source strength.

The proposed restaurant kitchen exhaust stack was initidly nestled among severd air
handling units with a heght of 10 fest. The emissons might reech severd sendtive
receptors, as shown in Figure 2. Firg, are the ar handling units on the building where the
restaurant is located. Second, the dormers and every apartment in the two adjacent
buildings have operable windows. Findly, there are dso ar handling units on the 1oof of
the triangular building acrossthe dley.

Unique arflow paterns will foom as wind fidds interact with the various buildings,
especidly the tower, and the gap between the two sets of buildings. Moderate winds from
the north are common throughout the year. These winds could cause the plume to reach
one or the other of the receptors during many hours of the yesar.
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Figure 2: lllugration of the Site domain. The main set of buildings include the proposed
restaurant. Operable windows exist a severd locations on the main building complex. The
adjacent triangular building includes only offices with amain ar intake a the roof and all

sedled windows.

Modeling

Modding was conducted usng a variety of wind directions and speeds to andyze the
impacts a the sendtive receptors. Although two wind directions would probably be
adequate to andyze the impact during maximum conditions, enough modding runs must
be peformed to andyze the vaiability of impacts. Therefore, in this case five different
wind directions were chosen for modeling: a true north wind and 7.5° & 15° east and west
of true north. Wind speed was modded a 2 m/s, 4 m/s and 8 n/s (4.5 mph, 9 mph, and
18 mph). These wind speeds represented the entire spectrum of observed speeds out of
the north, with a 2 m/s wind being the most common hourly averaged speed, 4 nvs the
most common high speed (occurring roughly 100 hours per year), and 8 my/s representing
the average gust during the stronger north wind hourly periods.

Modeing was conducted using the standard K-e modd. Wind and pressure fields were
solved and then frozen for introduction of the exhaust (the velocity fields at the stack are
solved during the wind fiedd run with just ar a dack temperaiure coming out of the
sack). The exhaust is dispersed throughout the fidd for an adequate length of time,
vaying depending on the initidized wind speed. Usudly about one to two minutes of
disperson is adequate at achieving a steady state concentration of exhaust in this domain.
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Exhaust temperaiure will have a large effect on plume rise for larger exhaust stacks if the
temperature of the exhaust is dgnificantly above ambient temperaiure. However, for
kitchen exhaud, the exhaust is usudly only a few degrees wamer than ambient
temperatures on warm summer days and the exhaust dack itsdf is farly smdl. This
means that buoyancy is inggnificant for a good portion of the year. At the Ste of interest
in this proect, north winds primarily occur under summer conditions. Therefore,
buoyancy was not taken into account in this study. In other studies, however, buoyancy
would be very important to include in the modeling to ensure a proper plume path.

Results

The initid modeling assumed the proposed height of 10 feet for the kitchen exhaust
stack. This proved to be nadegquate as the adjacent air handling units were dready 8 feet
tal. During moderate to strong winds the plume reached the ar handling units & no more
than 50 dilutions for most wind directions.

Additiond modding runs with 20 foot stacks were tried to find a stack height that would
avoid impects a the adjacent ar handling units. This height proved sufficent to avoid
impacts a the adjacent units for dl wind directions. However, the path of the plume
during the common true north winds suggested another potentiad problem. As seen in
Figure 3, the plume reaches the ar intakes of the adjacent triangular office building,
located in amechanicd penthouse at the far end of the south roof.

Figure 3: Kitchen exhaust plume from 20-ft stack reaching the adjacent office building
ar intakes. The plume centerlineisillusrated as a black streamline. The plume

boundary isat 1,000 dilutions.



Though quite a digance downwind, the dilution levels at the office building ar intakes
reman reaively smdl because the plume remans coherent with neutrd dability. As
seen in Fgure 4, the dilution levels are less than 1,000 dilutions-to-threshold (d/t). The
average impact across both air intake grills is 500 dilutions. Note that the scde in the
figure shows concentrations and is the inverse of dilutions.

Further modeling was carried out with a stack at 30 feet. Although rather tal, the stack
proved successful a avoiding heavy impacts a the ar intakes on ether building. Some
impacts are dill possble a operable windows on the top story of the adjacent tower
gpartments during rare winds.

CFD provided the detall in building dements and microscae windflows to predict the
concentration of odors a different locations around buildings or sats of buildings. The
Gaussan modes could not have supplied enough detail to find concentrations at different
building edements The CFD mode can dso be easly cusomized to attempt different
dternatives such as higher stacks and different building geometries.

pm 0.0040
0.0027
.050014

Figure 4: Kitchen exhaust stack reaching air intakes of the adjacent office building. The
plume centerline is dso illusirated. Exhaust entersthe intake at an average of about 750
dilutions.

CFD MODELING ON A LARGER SCALE

As the domain of a project gets larger, the benefits of usng CFD for odor study
decreases. The fewer buildings in an area and the wider the domain being modeled, the
less important the microscde wind dements becomes a determining downwind



concentrations of odorous substances. For example, if disperson modeing is needed to
determine odor impact a a resdentid neighborhood a kilometer downwind of a large
factory, then the most important microscae area of windflow is a the stack and source
building. The dack tip downwash and building recirculation zones will have the most
influence a determining the didribution of odor around the building. This didribution
determines the digtribution and concentration downwind at the sendtive receptors. The
PRIME agorithm can adequately handle these eements of the problem.

The project discussed in this section is an odor study where the scde of the domain is
aufficently loca that the proper modd to use is not clear cut. In this example, occupants
of a large two-gory officedmanufacturing building have complained about odor impacts
from a nearby manufacturing facility that has two pant booths Also, odors were
noticeable in the parking ot between the buildings during the same periods.

The two paint booth stacks are located on the south side of the building. The detection
threshold of the paint stack emissons was measured a 1300 d/it. The recognition
threshold was a 800 dit. The reports of odor in the impacted building aways occurred
during moderate to strong winds from the south. These winds place the plume from the
two paint booth gacks directly upwind of the office building's man ar intakes. The ar
handling units are located on the southeast corner of the office building in a mechanica
penthouse on the roof. An overview of the siteis provided in Figure 5.

Receptor .
office/manufaciuring AHU locations
building

Source factory
building

Figure 5. Overview of the odor study domain. The odor source factory is upwind of
the office building during winds from the south. The two paint booth stacks are
located on the north roof of the factory. The receptor office AHUs are located at the
southeast corner of the office building. The grid at the surface between the two
buildingsis the receptor grid used for the ISC and Aermod modeling. Concentrations
are measured at 1.5 meters above the ground in the parking lot and at the AHU
location on the office building.

14



Air digperson modeling was conducted usng CFD to andyze the current Stuation and to
tes dternatives. However, the loca ar agency had not previoudy seen CFD used for
disperson modeling and requested a comparison to results from 1ISCST3. AERMOD was
a0 run to provide a comparison for this pgper. Both modes involved the use of the
PRIME dgorithm, which dlows for the modd to take into account the interaction of the
plume with the building.

Initial CFD Case

Modeing was conducted using one meteorologica case identified as a complaint period.
This hour was dso chosen due to its hgh wind speed, which often increases dilutions and
reduces complaints by increasng the dispersa of the plume by turbulence and rapid
downwind transport. A more extensve study would involve comparing impacts between
the modd s with different wind speeds.

Ambient temperature and stack temperature were assumed to be equa, and amospheric
pressure was initidized at 1000 mb. Modeling was conducted in two parts. Fird, the wind
fields were established with a run of sx seconds of red time. This is the amount of time
tests have shown is required to form a steedy state solution with most wind speeds. With
roughly 500,000 cdls a a time step of 0.05 seconds, the run took roughly 5 hours to
complete. After completion, the resulting windfidld was visudly ingpected to assure the
windfidds were properly formed. Then the fidd is frozen, and the exhaust is released
from the stack.

In this case, both paint booth stacks were modeled. Both stacks are square with fairly
smdl flow rates. The esst stack is the smaller of the two with an opening of 4 ft* and a
flow rate of 3,000 cfm. The west stack has an opening of 8 ft> and a flow rate of 8,120
cfm. Each gack is 10 ft tal. Modding was conducted using a unit emission (100% odor
a dack) to find the dilution of exhaust a various receptors. Number of dilutions a a
point is calculated by (1/concentration — 1).

A benefit of CFD modeling is the complete three-dimensond visudization of the plume,
as illugrated in Figure 6. The behavior of a plume and the areas tat it is mog likdy to
impact can be easly seen in the visudization before any scdar vadues are measured. In
this case, the plume dips a bit in the wake of the source building and rises as the arr lifts
to flow over the receptor building. A good portion of the plume comes very close to the
roof of the source building. However, the mgority of the plume remains above the roof,
preventing the most serious impacts. The center of the plume a this point remans a
about 150 dilutions, whereas impacts at the roof are much lower.

Concentrations of exhaust at the receptor building roof reach as high 625 dilutions, but
the average for the roof near the air intakes is lower a 1,780 dilutions. Odors a the
receptors in the parking lot were as high as 590 dilutions with an area average of around
750 dilutions. An illustration of the concentrationsis available in Figure 7.
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Figure 6. Three-dimensiond illusgtration of plume generated by CFD modd. Stacks are at

10 ft. The plume boundary is shown at 1,000 dilutions.

stacks source building
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sensor plane 1.5 m
above ground

receptor building

Figure 7: llugtration of visudization of concentrations as a scaar from CFD solution. Only a
portion of the source building is shown. Stacks are at 10 ft. Concentrations are shown & the parking
lot and on the roof of the office building. Scale isin concentration, which isinverse dilutions.



Alternative CFD Case

Like 1SCST3 and AERMOD, CFD modds can be used to test dternative conditions.
Building or stack parameters, shapes, and sizes can be dtered to learn what combination
will minimize concentrations a the receptors. In this case, the only red option was to
rase the stack. However an overly high stack would have required expensive sructurd
support. The task was to find the minimum additiond height that would diminate the

impact on the neighboring building. Additiond modeling was done with the stacks raised
to 20 feet.

At 20 feet the odors in the parking lot area dropped to 20,000 dilutions. The odors at the
roof of the office building dropped to 24,300 dilutions averaged over the area of the air
handling units (AHUS). The results are illudtrated in Figure 8. The reason for the dramatic
reduction in the odorsis discussed at the end of the paper.

m 0.00005
0.00004
0.00002

o0 00001

Figure 8: Odor concentrations at the parking lot and roof of the office building from
CFD solution. Stacks are at 20 ft. Note that scale isin concentration and top of scae
(red) isafactor of 20 lower than the scalein Figure 7.

ISCST3PRIME RESULTS

ISCST3 was dso used to mode the 8 m/s meteorologicd hour identified as a time of
when grong odors were observed at the office building. Surface data and upper arr data
were avalable from a quite close by arport to creste the meteorologicd inputs for the
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modeling. The modd assumed complex terrain with eevated terrain entered as a way of
putting the downwind building into the model. Receptors were located in the parking lot
between the two buildings and on the rooftop of the impacted building. The parking lot
receptors were set 1.5 meters above flat ground. The rooftop receptors were placed 1.5
meters on top of 10 meter high ground. Modeling was conducted using rurd disperson
coefficients. Because the plume and receptors are lower than the initid stack height
ISCST3 used the smple terrain lateral dispersion coefficients rather than the 22.5° sector
average. Odor emissions were set a a unit emission rate (1 unit/n).

ISCST3 reaults varied from the CFD results both in the magnitude of the impact and the
area of heaviest impact. As shown in Figure 9, with 10 ft. stacks the plume has a much
lower impact in the parking lot between the source building and the office building but a
higher impact on the building itsdf. The average concentration in the parking lot is about
1600 dilutions. The average roof impact around the AHU location was 910 dilutions.

oo
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Figure 9: Results of ISCST3 modding with 10 ft. stacks. The impacts are highest at the
rooftop of the office building near the location of the air handling units. The two stacks are
identified by crosshairs on the source building. Discrete receptors on the office building are

identified by “+” and were placed to provide continuity over the building roof.
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Comparing these results to the CFD run, we notice that the ISCST3 mode did not
edimate concentrations a the parking lot as high as those given by the CFD modd. A
tongue of higher dilutions is present, indicating some emphasis on the lee recirculaion
zone of the source building. However, the odors in the parking lot are sill much less than
the 600 dilutions computed in the parking lot with CFD.

Another interesting difference is the east-west dignment of the higher concentration area
in relation to the stacks. In the ISCST3 results the higher concentrations are directly
downwind of the larger stack. In the CFD run, the higher concentrations are farther west,
more between the two stacks and curving eastward as it gpproaches the office building.
This is a good illusration of the power of the CFD within the building influence zones.
CFD computes the flow of the wind fied through the arangement of buildings Thus,
this flow will veer different directions depending on the building arangement, as
illugtrated in Figure 10.

meters above the ground. The plume centerlines are also shown.

As d=0 illugrated in Figure 10, the plume on the western most stack dips further towards
the ground then the east stack, mogtly due to its dower exit velocity. The plume is lower
initidly, so it is more influenced by the re-entrainment zone.

The ISCST3 results for the 20 ft. stacks were somewha surprising. The odor
concentrations did not change as ggnificantly as they did in the CFD modd for the
higher stacks. In the ISCST3 results the modd predicted the highest odors again a roof
levd a 900 dilutions. While this is margindly lower than the 850 maximum dilutions
predicted with 10 foot stacks, it is gill of the same magnitude. ISCST3 results for 20-ft.
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gacks are shown in Figure 11. The most noticeable change is in the concentrations at the
parking lot. Concentrations that were as high as 1,600 dilutions in the ISCST3 modd
with 10-ft. stlacks are now at around 2,200 dilutions in the same regions.

= D.000%

0.0
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Figure 11: ISCST3 results with 20-ft stacks. The concentration pattern and magnitude
at theroof are amilar to the 10-ft case. Concentrations at the parking lot are lower.
Note that the scde in thisfigure and in Figure 9 is the same.

AERMOD PRIME RESULTS

An AERMOD meteorologicad file was built usng the same data sources as used for the
ISCST3 modd and assumed summer conditions for the ground characteristics variables.
The terrain file was condructed from the locd digitd eevation daa files dthough it was
necessary to use awork around to get it to read the office building as terrain.

The AERMOD reaults are more like the CFD reaults in the didribution of the highest
concentrations. However, the dilution levels are far bedow tha of the CFD modd. The
highest concentrations were measured in the parking lot, in the same region as the CFD
modd. However, the number of dilutions of the exhaust was much higher in the



AERMOD reaults, a 2,000 dilutions. Odors a the roof of the office building were
predicted at about 2,860 dilutions with a high of 2,500 dilutions. The concentrétions are

illustrated in Figure 12.
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Figure 12: Illugtration of AERMOD resultsfor 10 ft. stacks. Like CFD, the highest
concentrations are in the parking lot at about the same distance from the source
building. However, the magnitude of impactsis lower. Note that the scale maximum

IS 2.2 times smdler than the scdein Figure 11.

As with the ISCST3 modding, the dignment of the plume is more east than the CFD
results, being directly downwind of the larger stack. Also, the parking lot high impact
zone is a bit farther north than the highest impact region in the CFD modeling. Overdl
though, the concentrations predicted by AERMOD seem to be lower than experience
suggests occurs in these conditions.

As with the ISCST3 reaults, the AERMOD results using 20-ft. stacks were smilar in
magnitude to the 10-ft. dack runs, as seen in Figure 13. Maximum concentrations at the
office building roof were around 3,030 dilutions compared to 2,000 dilutions with 10-ft
dack. However, the digribution of impacts is much different in the 20-ft run. The highest
impacts now are estimated to be on the south roof of the office building, where as before
they were located in the parking lot area.
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Figure 13: AERMOD concentration results with 20-ft stacks. Note that the scale
maximum is 1.5 times lower than Figure 12 and 3.3 times lower than Figure 11.

DISCUSSION

The differences among the CFD, ISCST3 and AERMOD results are primarily related to
the way they each treat the downwash behind the source building and the recirculation
zone on the top of the office building. Looking back to Figure 10 the path the CFD plume
centerline traces shows a strong drop in the lee of the source building and a “jump” a the
leading edge of the office building. The jump can dso be seen in the plume illudration
graphic of the 20-ft. stack case in Figure 14. The recirculation zone that is the source of
the jump up above the roof of the office building can be seen dearly in the wind vectors
of Figure 15. Such a recirculation zone forcing a plume centerline upward more than the
physicd terrain itsdf smply is not part of the dgorithmsin ISCST3 or AERMOD.

In this case the recirculation zone a the leading edge of the downwind building is
important to the impact on the AHUs on its roof. With the 10 ft. stack the plume enters
the recirculation zone and mixes with it, distributing the odor onto the roof. With the 20ft.
gack the plume is carried up by the leading edge of the recirculation zone and avoids the
roof top dtogether. This is seen in the extreme chage in the estimated dilution level a
the roof in the two cases. The predicted success of the 20 ft. stack has been confirmed in



practice. Since the inddlation of the taler stack there have been no complaints at the
office building, including wind conditions when there were complaintsin the past.

Figure 14: Plume outline a 1,000 dilutions with 20-foot stacks.

Figure 15. Wind vectors on an x-z plane through the modding domain illustrating the
recirculation zones on the top and in the lee of the office building. The updraft a the

leading edge of the building accounts for the “jump” in the plume seenin Figure 14.

This comparison of the three modds dso gives us an opportunity to compare the
potentid vdidity of each approach. We know that during the meteorological dStuation
modeled, before the ingdlation of the 20 ft. stack, that there were complaints both from
the office building and in the parking lot, with the observation that the odor was stronger
in the parking lot. Thus the average odor strength at both locations must have exceeded
the odor detection threshold of 1,300 d/t and quite probably the recognition threshold of
800 d/t.



Table| ligtsthe predicted dilutions of the plume from its origina strength for an hour
average a the AHUs on the roof of the office building and in the parking lot between the
two buildings. Also shown in Table | are the adjusted predictions of dilutions for a short-
term gust or coherent plume segment, obtained by dividing by the 1.4 scding factor
discussed above. With both the CFD and AERMOD adjusted results at the AHUs at
greater dilutions than the recognition threshold (the more likely odor strength when
complaints would begin to be registered), either these two models are underestimating the
odor strength at the AHU or complaints are coming from avery sendtive portion of the
population. Both AEROMOD and ISCST3, but not the CFD modd, significantly
understate the odor strength at the parking lot.

Tablel. Predicted Odor Strength from Three Modéls

Office Building AHUSs (d/t) Parking lot (d/t)
Modeled Adjusted Modeled Adjusted
CFD 1800 1300 600 400
ISCST3 900 650 1600 1150
AERMOD 2900 2000 2000 1400
CONCLUSION

Today's building owners and residents need solutions to prevent avoid odors in offices
and residences. CFD has an important role to play in modeling odors around buildings
and other dructures which conventiond meteorologicd disperson models are  not
desgned to handle. It can be a powerful tool a the micro-scde level of the urban
environment. It offers the opportunity to try dternative designs while a building is ill in
design to avoid serious problems that could be very expensive to correct later.

At a larger scde, the benefit of usng CFD over sandard EPA dispersion modes bresks
down. However, where the influence of buildings and obgacles to the arflow is
ggnificant, the EPA modds have limited skill due to the complexity of arflow aound
sets of buildings. CFD is an effective solution in these cases & a medium scale, especidly
when the sengtive receptor is located on or is part of a building. It may be effective a a
larger scae where unusud topography or buildings make an important contribution.

The mog important benefit of CFD may be in providing a physca underganding of the
results during evauation of dternative design solutions. In the stack extenson review of
the manufacturing facility provided here, the cler physics of the results made it essy to
accept the evidence of the CFD modd for the solution offered by a 20 ft. stack rather than
the results from ISCST 3, which would have dictated a much higher stack.

In this study, the results of three modds, CFD, AERMOD, and ISC were compared for

the manufacturing facility project. The results varied among the modds quditatively and
quantitatively. CFD demondrated the most promise for modding dternatives because it
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provides the opportunity to examine the results more completely. Of the three models,
CFD provided more baanced results a dl receptors. However the comparison does not
result in a clear endorsement of any one of the three models.

In order for CFD to be widely relied on for andyses of this type it will be important to
evduate the various assumptions that are built into the CFD model and to understand
ther individua and cumulative effect on the results. True vdidation of the CFD modd
will require extensve comparisons of the CFD results with measured vaues a vaious
receptors around a building. This work is ongoing and will lead to improved modding of
urban microenvironments.
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