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SMOKE DISPERSION FROM LOW STACKS ON PITCHED-ROOF BUILDINGS : MODEL CALCULATIONS
USING WINMISKAM IN COMPARISON WITH WIND TUNNEL RESULTS
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Abstract: Studies in many European countries have reveilat residential wood combustion is a very sigaific source of particle
pollution. In Denmark this source contributes torenthan half of the national Piparticle emissions. Both air pollution from regitel
wood combustion and traffic are local scale prolslemhich for certain questions demand a detailestrifgtion of the flow around
buildings.

In the present work a prognostic flow model wasligdpin order to improve the understanding of tigpdrsion conditions governing the
highest pollutant loads, and to produce recommémuatregarding the optimal position and heighttef stack depending on the type of
roof. Specifically, this paper presents CFD simata with MISKAM of pollutant dispersion from a destic stack over an isolated
building with flat or pitched roof. A number of bagases have been studied that demonstrate thericg of the relative stack height and
the slope of the roof on plume dispersion. To mwwdedge, it is the first time that MISKAM is beimmgaged on the simulation of that type
of configurations. The results are compared againstnd tunnel study, conducted to investigate dispersion of smoke released from
domestic stacks.

Previous studies have documented that MISKAM cardesidered as one of the well established CFDstfml atmospheric dispersion
studies in built-up areas. However, this study dlae revealed a need for further studies of somtaefassumptions and algorithms in
MISKAM. The above statement is demonstrated wittcdfr examples.
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INTRODUCTION

Due to increasing oil prices the use of domestiodvoombustion has increased significantly in theene years. Studies in
many European countries have revealed that regdlemwbod combustion is a very significant sourcepafticle pollution
(Bari et al, 2009). In Denmark this source is responsiblenfare than half of the direct PM particle emission in the
country (Glasiust al, 2008). Both air pollution from residential woodnaioustion and traffic are a local scale problem that
demand detailed description of the flow around dod obstacles. This being the case, attention érasvn to the
development of atmospheric dispersion models atidet@ctual study of the phenomena through windelbexperiments.

The simulation of the atmospheric dispersion, igallg conducted with two types of models (Hwttal, 2003): the Fast
Approximate Models (FAM) and the Fully Computatiobdels (FCM). In detail, FAM are mainly empiricalodels

(Britter and Hanna, 2003) based on extensive firtthwind tunnel studies. As a result, their appiarats recommended for,
or sometimes limited to, the type of the topology Which they were designed. On the other hand, FEMbased on the
numerical solution of the momentum, energy and ntesssport equations. They can be applied on almabgypes of

topologies, but their applicability is limited bhe required computational power and time. In gdnéna choice of the
model depends on its practical purpose (in relatodispersion modeling), the required level oftedemporal detail and
scientific understanding involved, and on the deaad accuracy of meteorological and topographicput data. In this
work, MISKAM (version 5.0) was selected as it iarf the well established CFD software tools inftékel of atmospheric
dispersion in built-up terrain. Considering pollutiécom traffic sources, Ketzedt al. (2000) compared it with OSPM
(Berkowicz, 2000), a semi-empirical model, and viighd measurements, and the results were in googeament. Dixoret

al. (2006) applied it also with success in similarfagurations. Recently, MISKAM has been successfajpplied on simple
stack-building configurations (Olesat al, 2009) and a large urban setting (Eichhorn and28al2008). However, more
wind tunnel and field experiments are necessaryh@walidation of MISKAM and all other atmosphediispersion models.

Several wind tunnel studies have been undertakenrdier to investigate dispersion from sources chostover building/s of
various dimensions. Huber (1989) examined, in aivimnel, the influence of the building width amieatation on the wind
through concentration profiles in the near wakehef building. Kimet al. (1990), Higsonret al. (1994) and Mirzakt al.
(1994) have investigated flow and dispersion aroumddvidual or small groups of obstacles. Davidstral. (1995; 1996)
investigated the flow and dispersion through laggeups of obstacles, both in field and wind tunegperiments.
MacDonaldet al. (1997; 1998) have described the effect of obstasfrect ratio on dispersion in obstacle arrayseid find
wind tunnel experiments. Dispersion of atmosphgotutants in the vicinity of isolated obstacles different shape and
orientation with respect to the mean wind has memined in scaled field direction (2001; 2003; kiedis et al, 1999)
and wind tunnel experiments (Yash al, 2008). White and Stein (1990) and Thompson (19983) conducted wind
tunnel experiments to study the influence of thatinee stack height on the downwind concentration.

This paper presents the CFD simulations with MISKARpollutant dispersion from a domestic stack oaarisolated
building with flat or pitched roof. Five basic caskave been studied that demonstrate the influehtiee relative stack
height and the slope of the roof to the plume’pélision. To our knowledge, it is the first time tthISKAM is being

engaged on the simulation of that type of confijares. Moreover, its results are compared againstirgoublished wind
tunnel study (Jensen, 1984), which was dealing thighdiffusion of smoke released from domestickstac
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METHODOLOGY

The details of the methodology followed for theidation of the CFD software MISKAM against the aghike wind tunnel
experiments are described in this section. Fing,theoretical characteristics of the CFD softwal&HKAM are described.
Next follows an explanation of the studied geomeind meteorology, which both are major input patanseof the
simulations. Finally, the studied cases are defined

Numerical Simulation

For the numerical simulations the CFD software MISKAversion 5.0) has been used. It is a microsdale &nd dispersion
model which was developed at the University of MaiGermany, for urban pollutant dispersion simolasi (Eichhorn,
2002). Engineering Bureau Lohmeyer, in Karlsruhe/eltgped the user interface WinMISKAM. Each releasedsion of
MISKAM is evaluated according to the VDI guideli@@83 Part 9 (VDI, 2005).

MISKAM solves, by the finite difference method, tieeynolds averaged Navier-Stokes equation with aifraddk-¢
turbulence closure on a non-uniform Cartesian gridtie flow field. The dispersion of the gas is @pmated as transport
of a passive scalar by the Eulerian advection-siiffo equation. Some of the drawbacks of MISKAM &yéfhe modeled
area can not contain steep relief; ii) Buildings meeled with blocks (parallel to x and y axis),il@lslanted roofs can only
be represented by a step like structures; iii) Chahrieactions cannot be modeled; iv) Sources gnesented by volume
sources; v) Only neutral thermal stratificationallowed. The advection equations are solved udiegfitst order upwind
numerical scheme but as an option, first or seayddr Smolarkiewicz correction factor can be agplie short MISKAM
(and WinMISKAM) are commercial products and cancbasidered “black boxes” from the user's perspector instance,
only one numerical solver is available.

Nevertheless, owing to the predefined applicatield f{microscale dispersion) and its simplified uisgerface, no advanced
knowledge on fluid mechanics is required. Therefdhe model is widely employed for regulatory pses at various
environmental agencies, consulting organizatiorts edperts throughout Europe. MISKAM has been extehsused and
validated in many research projects (Dixatral, 2006; Eichhorn and Balczo, 2008; Keteehl, 2000; Olesert al, 2009).
As a result, it is considered one of the well dsghbd CFD software for microscale atmospheric fimiustudies.

Studied Geometry

The studied geometry originates from a series @fdwiinnel experiments performed in 1983 (Jense84)19The aim of
those experiments was a sensitivity analysis of dtraospheric dispersion of smoke released frondeesial stacks
(chimneys). The physical model was constructedhim gcale 1:100 and tracer gas concentrations wessured using
different release conditions. Specifically the exsad parameters were: i) The relative stack hefgbight from the top of
the roof); ii) The slope of the roof; iii) The ptish of the stack; iv) The wind direction.

From all the building configurations, included mat study (Jensen, 1984), four were selected as mepresentative. The
configurations and the dimensions of the buildiagsillustrated in Figure 4. The first parametéack height, was studied in
all building configurations. In order to study thext two parameters, slope of the roof and positibthe stack, the chosen
building configurations should be studied in pairfke recommended pairs are: Figure 4a and ¢, andd-4b and d for the
slope of the roof and Figure 4c and d for the pasiof the stack.
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Figure 4. Schematic of the four building configioas that were selected from the wind tunnel expents (Jensen, 1984). All dimensions
refer to full-scale conditions.
Our study covered all the four configurations bulyaa few selected results for the configurationwh in Figure 4b will be
presented in this paper.

Meteorology

The meteorological conditions play a significaneron the atmospheric dispersion of air pollutatiishe aforementioned
wind tunnel study (Jensen, 1984), the inlet wintbai¢y profile for the relevant cases was charazéer byu’ = 0.28 mg
and z = 0.12 m, and referred to neutral thermal sttfon. Two different ratios of the gas exhausbweiy to wind
velocity were considered (0.5 and 0.17, respedgtjvel

Apart from the wind velocity, the influence of thénd direction was also examined in the wind turstady. Specifically,
for all four geometries (Figure 4) the same wingeclion was considered, but for the third geom@tigure 4c) a variable
wind direction was additionally employed
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Case studies

Five basic cases derived with respect to the ptedegeometry (see Figure 4) and meteorology (vanigd direction on
geometry Figure 4c¢). For some of these basic casés situations were investigated. Their charéties are described in
more detail in the pertinent paragraphs of theofeithg section. The CFD software, MISKAM employs ffigite Difference
Method (FDM) to solve the differential momentum andss transport equations. The FDM calculation neshstructured
Cartesian grid and can be automatically generat&tliimMiskam. Unfortunately, the available mesh getien procedure is
lacking flexibility, especially for non-uniform miegesolution. For this reason, a custom routine dea®loped in Microsoft
Excel VBA. This routine: i) Divides the whole domamcustom regions parallel to x or y axis; ii) Eskas input the size of
the domain and the building/s, and the expansitia far each region; iii) Calculates the x- and izessteps for each region
and defines the buildings and their roofs.
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Figure 2. Schematic drawing of the real buildingaggarea) and the
building used by MISKAM (bold line) a) floating sme and b) physical
stack

In present work, the instructions of VDI 3783 part
(vDIl, 2005) were followed to determine the
appropriate resolution for each region. A crucial
limitation, when using a Cartesian grid, is the fiett

all the sides of the buildings have to be paratiethe
axis. The same statement is also valid for thesrodf
the buildings, but most of the related cases have
pitched-roofs. As a result, the slope of the rdus to

be approximated by a stepwise structure. In Fighis

is illustrated schematically. Furthermore, the senok
was considered to be emitted mainly by a floating
source. In other words, the stack itself was not
physically represented as an object (Figure ).

This case is referred here to as the base case.

RESULTS

The setup of the MISKAM simulations is based on tiethodology that was deployed in the previousi@edFigure 4).
After a first series of model simulations the réswere examined, and subsequently supplementalations for a number
of sub-cases were conducted. These supplementanyagions aimed to examine the sensitivity of MISHAo various
parameters and to identify the causes of poor aggaeduring some of the tests.
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Figure 3. Case of the 30° roof building with thecitat the side. Normalized concentratiop= C/Gnax @ ns=3.0n) fOr various relative stack
heights (Hs=0to 8m) at 15m downwind from stack. feether explanation of the normalization in thett&Results from Wind tunnel
modeled (MISKAM) and modeled with physical represagion of the stack (MISKAM b). The release heighalso illustrated by solid

vertical line. The stack height {Hefers to the height of the stack above the topf..

Basic cases

MISKAM was able to estimate the input wind profilell. Though it was not possible to directly valieléhe profile at other
points of the domain due to lack of wind tunneltes the simulated wind field was considered $ati®ry with qualitative
criteria and in combination with the previous sssfel evaluation reports on MISKAM. The concentratdata from the
wind tunnel measurements were only available imfaf strip chart drawings. Due to this, estimatioh absolute
concentration values was not possible. In ordemtke at least a qualitative comparison of modellteswith the
measurements, a normalization procedure was aptpligek data. All the measured and modeled coratgotis were divided
by the maximum concentration (measured/modeledentisely) for the case with H3m. Using this procedure, one can
examine the relative behavior of the measured/neadebncentrations, but comparison of the absolaiieeg is not possible.
The results for the Case of the 30° roof buildinghwihe stack at the side and for various relattaelsheights (Hs=0 to 8m)
are illustrated in Figure . Both the measured ared rttodeled profiles are given for a location coroesfing to 15m
downwind from the stack. Visual examination of fhrefiles reveals that for the shorter stacks (<8me) wind tunnel data
exhibit more rapid downward diffusion than the mledeconcentrations. On the other hand, for taltacls it is observed
that the modeled plume is dispersed much more thditated by the measurements. The elevated plumenmm
concentration remains almost constant irrespedfvieeight, while the model results show a rapidrease of the plume
maximum with increasing height. Because of this réigsancy, a number of model variations were appdied the results
were compared with the base case.
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Influence of momentum source

Usually, the plume exits the stack at a higher Enajpre than the ambient temperature and with soitial exit velocity.
Both effects result in plume rise, which is usuainoted as buoyant and momentum rise, respectiVietybasic cases with
MISKAM considered no exhaust velocity. To test thifuence of the exhaust velocity a momentum sowvas introduced
at the highest point of the stack. The exhaustoitglavas taken equal to 0.51 m/s, a value thatiraigs from the defined
exhaust velocity to wind velocity ratio (equal tolD m/s). For the studied sub-cases the influericthe introduced
momentum source was minimal, as a result, the mamesource was not applied further.

Influence of the dispersion correction approach

In convection-dominated problems, Finite Differedethod (as well as most other finite numericahtéques) introduces a
numerical diffusion. MISKAM provides two options tteal with the induced numerical diffusion: i) firand ii) second
order Smolarkiewicz correction (Smolarkiewicz andal®wski, 1990). All of them were tested, but ngnfficant
improvement was observed.

Physical representation of the stack

It was described earlier that initially the smokaswconsidered to be emitted by a floating sourégu(E a) in order to
simplify the geometry and the evaluation procedespectively. Since this was a rather unjustifissuaption, the floating
source was replaced by a physically representeck stigigure b). Unexpectedly, this change resultadsignificant
modification of the modeled concentration profil@Sigure - “Miskam b”). The agreement with the witdnnel
measurements seems even to be better, especiallideang taller stacks. For the two shortest stdek=0 and 0.8m) the
effect was however marginal. In order to elabomat@ore details the apparent effect of a physitatlson model results, an
examination of the turbulence data was conducted.
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Figure 4. Longitudinal profiles of the modeled Tuidnt Kinetic Energy (TKE), dissipation rate (epsdthe Turbulent Diffusivity (Kturb) fo
the cases without and with a physical stack. Tloflps are taken at the source height fer&in. x=0 at the stack.

Figure 4 shows profiles of the modeled Turbulemtefic Energy (TKE), dissipation rate (eps) andThebulent Diffusivity
(Kturb) for the cases without and with a physidakk. The profiles are taken at the source heightHf=8m and along the
plume centerline. As one can see, the turbuleritigdifity coefficient exhibits a rapid decrease gdadhe x axis due to
presence of a physical stack in the model. Thisedee is caused by a dramatic increase in thepdtisi rate and the
appliedk-¢ turbulence closure. Reduction of the turbulerfudif/ity results in a more compact plume and appifye better
agreement with measurements. However, it is difftmuprovide any physically reasonable explanatibthe influence of a
stack on the shown behavior of the turbulence perems. Most likely, this effect is caused by sommdet deficiency in
handling sharp isolated obstacles (in this casm@k)sor even some numerical artifacts. Correspandisults (not shown
here) for smaller stacks (<0.8m), reveal practycadl influence of a physical stack on the turbuéenc

CONCLUSIONS

In the present work, a CFD software (MISKAM) was éoypd for the simulation of smoke dispersion froomebstic stacks.
The results of the simulations were examined amdpased with an experimental wind tunnel study farious single-
building configurations. The investigated configioas included three different slopes of the rdf 0° and 45°) and two
positions of the stack (at the centre and at theneldnd side). The sensitivity of the results onuarber of parameters was
examined in order to identify the causes of theeoledl variations.

One of the parameters was the inclusion of a mamersource - in order to simulate the exhaust vilazf the smoke -
which results in insignificant variations. Simikarlthe available dispersion correction factors, ¢&mkiewicz correction
factor), did not show any significant influence thle model results. On the other hand, the replactnfehe initial floating
source with a physical stack represented in theeinddmonstrates an unexpected large influence errdhults. It is,
however, not possible to find any reasonable physigplanation of this effect. Therefore, a sedkadditional tests, plus a
comparison with another CFD software (e.g. FLUEN3)réquired in order to explain the observed belavs a
preliminary conclusion one can mention the follogvipotential causes: i) the MISKAM approach to chteithe diffusion
coefficient, ii) the mesh density recommended by WDI 3783 guideline, iii) the inability of MISKAMo approximate
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realistically the sloped roofs, iv) the incorreatoyment of the roughness of the vertical wallsMigKAM, v) the lack of
sufficient data to examine MISKAM performance o tsimulation of wind field (velocity, turbulent letic energy and
dissipation).
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