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DISPERSION PARAMETERS IN A WIND TUNNEL AND IN THE FIELD: ANALYS ING THOMPSON'S 1991
WIND TUNNEL DATA FOR ISOLATED STACKS WITH IFDM, AND ITS APPLIC  ATION TO BUILDING
DOWNWASH MODELLING
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Abstract: In 1991, R.S.Thompson published 320 ground leeslcentration (gic) profiles measured in the US ERéeorological wind
tunnel; 311 glc profiles were for a source locatedr a building, 9 profiles over downwind distanfresn 50 mm to 10000 mm for isolated
stacks ranging in height from 37.5 mm till 450 mfirst, we examined the measurements for an igbkttek. Glc-profiles were computed
using the IFDM lateral and vertical dispersion paetersoy(X) ando/x) for a neutral boundary layer as published by Biudk-Malet in
1972. Only a minor change to these dispersion patersiwas needed to reproduce all measured coatiengrwith a regression equation:
Observed Concentration = 0.9506 times Modelled €otration.

Explained variance R? = 0.9798

This analysis links dispersion parameters in teklfivith those found in a wind tunnel. Implicitighis also defines the scale between the
wind tunnel and the field.

Next, we investigated the measured glc-profiles, @QsHs) for a stack with height Hs in the preseofca building. We illustrate that these
glc-profiles can be reproduced using a set of puthat have a log-normally distributed height. Séheesults could improve building
downwash in bi-Gaussian models of the future.

Key words: Bultynck-Malet, stability parameters, IFDM, atmospit dispersion experiments, ground-level conceines, isolated stack,
wind tunnel

INTRODUCTION

When analysing measured ground-level concentratibmeavy metals at industrial sites whose curiapiact exceeds the
target values imposed for the year 2012 by the fiean Air Quality Daughter Directive 2004/207/EC, fwand that these
elevated concentrations were due not to unknowgit{fe) sources as assumed initially, but to sraaiissions released from
small stacks on the roofs of the factory buildifigsfebvreet al, 2010).

It is known that fragments of plumes, released faiatks on building roofs, are often captured ey dhr stream passing
over the building, and are dragged towards the igrowithin a distance of a few building heights esd. As a result, the
ground-level concentration of pollutants in sughliame can be very high. Depending upon the heatobdim such a plume
and the thermal stratification of the air near gheund, ground-level concentrations in such pluo@sbe tens to hundreds
of times greater than they would have been if tuenp were not influenced by the turbulent flow ottee building, as is
illustrated by the atmospheric dispersion SF6 trasgeriments of Guenthet al. (1990), who emitted SF6 through the
buoyant plume of a 35 MPH natural gas compressbirte.

Field experiments are expensive. Their resultsofien hard to interpret as ambient atmosphereusllysrapidly changing
and its complex structure might be not fully capturby the limited set of meteorological measuremehat can be
performed. A wind tunnel provides a more control@tironment for atmospheric dispersion experimesen allowing
duplication of experiments and performing seriesdipersion experiments using a wide range of mgldand stack
configurations under the same meteorological camit something that is impossible in ambient air.

A series of such experiments was conducted by Rd®apblon (1990), who published 320 ground level cotmagon (glc)
profiles measured in the US EPA meteorological winthel: 311 glc profiles were for a source locatedr a building and 9
profiles over downwind distances from 50 mm to 1@&tm for isolated stacks ranging in height fronmb3mm till 450 mm.
Air quality models are indispensable tools for ceféective air quality management. Good models guige that emission
controls, including stack height, that are impletadnto respect current or future air quality staddawill result in the
desired ambient air quality without waste of moweyundersized or oversized air cleaning instalfetidcHowever, despite
more than 40 years of model development and impnewn¢, the state of the art for modelling buildirmnhwash effects in
bi-Gaussian models at short distances from thalimgilis rather poor, as illustrated by Oles¢ml. (2009), who analysed the
performance of several state-of-the-art modelsherifhompson data set.

In order to help industry to meet the future aimliy standards, we needed some model able to girgdound-level
concentrations at very short distances from bujslinvith short stacks. Therefore, a parameterisatiothe Thompson
dataset seemed a useful tool.

STANDARD BI-GAUSSIAN FORMULAS

Equation (1) is the bi-Gaussian plume equationtfer distributionC [kg/m?®] in a plume of the mas® [kg/s?] that

originates from the top of a stack of heigty. The origin of the co-ordinate system with axey, zis at the foot of the
stack.x, yandz are in respectively the along wind direction, tlegizontal and the vertical cross-wind directioiits) is the

wind speed at stack orifice height.

2
Q 1] vy 1|/ Hg-iz
C(xy,zHg) = exp - = exg ——J s 7!
> 2mu(Hg)o,(X)a,(x) 2| 0,(X) HZM} 2| o,(x) @)

The summation is needed because the material ipltinee is reflected at ground-level. The functief(s) ands(x) are the
standard deviation of the mass distribution atstadice x from the plume origin. We consider thewiritpa form:
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- a 2
g,(x) =ax (22)

o,(x) =b x* (2b)

where the coefficienta andb, and the exponentsandf depend upon terrain type and atmospheric stabiliple 1 gives
the valuesa , b, «, g for the Bultynck-Malet stability classification g (see later paragraph.)

If z=z0 andy =0, equation (1) gives the ground-level conceiungbrofile under the plume axis and can be singalifo

— = = = Q _1 HS |
Cxy=02=0Hg)=C(xHs)=— u(Hs)a, (¥, (X N 2lo0 ?

SOURCE STRENGTH AND VERTICAL WIND SPEED PROFILE

Description of the wind-tunnel
The test section of the US EPA meteorological ogiecuit wind tunnel is 3.7 m wide, 2.1 m high an8lrh long. For the
Thompson 1990 experiments, the floor is coveretl gitivel coated panels, the gravel stones beirtg & mm diameter.

Source strength

Thompson reports ‘dimensionless’ concentrationsi{foConc), obtained by multiplying the measuredcemrrations with
u,*H2/Q, where yis the free flow wind speed the tunnel, His the height of the building used in the buildormvnwash
experiments and Q is the source strength. Pragtichls means that the concentration reportedhigyGaussian transport
and diffusion equation for a unit source strengtisiibe multiplied with 4*(1502).
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Figure 1: Vertical wind speed profiles in wind tehm absence of building at stack (X=0) and sonesswind /downwind distances

Wind speed profile
The wind speed in the wind-tunnel boundary layerasured (Figure 1) at nine positions between hegho till 700. The
increase in height can be fitted equally well by &xponential law (equation (4a)) as by the lobarit law (eq.(4b)):

u(z) = 2.2 (zZI1H* u(2)=0.35 In[(z-2.62)/0.015] (4a) — (4b)

The free-stream wind speed is 4 m/s, which, acogrth the above relation, is reached at z = 800n@V8peed at z=75 is
about 3 m/s.)

DISPERSION PARAMETERS IN THE FIELD AND W IND TUNNEL

The Bultynck-Malet Stability Classification system

Table 1 summarizes the Bultynck-Malet stability slfisation system. It is based on the bulk-Richardsmmbet S
determined by the difference of the potential terapee between 114 m and 8 m and the square afiticespeed at 69 m,
determined along a 120 m high meteorological tooxesr a sub-urban park-like (conifer trees) teriairMol, Northern
Belgium. The dispersion paramef‘erﬁé() and g;(x) have been determined from wind fluctuations atr6%or each stability
class, wind fluctuations have been measured fteaat 30 different periods where the meteorologizahmeters remained

3S is actually the bulk-Richardson number wher@hjisical constants have been removed.
4 Bultynck-Malet first determined analytical formalthat expresg;(x) andoy(x) as a function of the bulk-Richardson number Staed
stability parameters for neutral stability, nex¢yhderived the discrete scheme given in Table 1.
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quite constant over one hour each. The system eaielated to meteorological observations fromeloheights, in which
case altitude of the sun above the horizon and wsjreed are the most relevant parameters for daydonditions and wind
speed (and to a lesser extend cloudiness) areargleluring night time conditions. The dimensionstloé correlated
functions are ‘production or loss of heat at groudivided by the third power of the wind speed.

Initial assumption on scales

Because the rate of dispersion is not a linear fomcdbf downwind distance (see later paragraph), meest make an
assumption on the scale of the wind-tunnel. Werassthat the wind-tunnel is a 1/1000 scale modeheffield. This is a
rather arbitrary decision. If the assumption isywerong, we will find a great difference betwees tispersion parameters
derived in the field and those needed to replittatéeobserved concentration ground-level concentratin the wind-tunnel.

Dispersion parameters for the wind tunnel and resus
Using the valuesi(Ez)and b(E;) from Table 1, equations (2a) and (2b) give thepéision parameters for the wind tunnel
observations (scale up to fields size) with followivalues for a and b:
a(h9 = a(E3) - 0.0001(4.5s+500) (5a)

b(hs) = b(E,) + 0.0001(4.5s-0.0005hs-150)"2) (5b)
The resulting reproduction of the observed growal concentrations can be seen in Figure 2. Visgaéement is
excellent, as is confirmed by the regression eqoatbbserved = 0.9506 reproduced and by the exgdaumriance R2 =
0.9798. The dependence of the values of a anddguations (5a) and (5b) could be related to chanfjéise wind speed
profile along the wind tunnel (which are visible Bigure 1) and are not necessarily of the sameaadtithe field.
So the dispersion parameters for the wind tunnpkegments are found to be in between field dispergiarameters for
neutral and slightly stable atmosphere over p&&-tiuburban terrain. The values of the coefficientsxd b found for the
wind tunnel assuming a 1/1000 scale (Table 2) aterden those found in the field by Bultynck and N&e slightly stable
to neutral stabilityThe exponentg andp, that define the decrease of the ground-level eptrations with distance after the
maximum ground-level concentration has been reachedfound to be the same for wind tunnel and toétbtrain.

Coefficients a and b for the wind tunnel length-sda

Equations (5a)- (5b) give values for the coeffitsem and b in equations (2a)-(2b) that are validiédd scale values of x, y
and z where x and y are in the range from 10 nOtkr8 and z is in the range of 1 to 1000 m.

Now look at the ground-level concentration profde H =188 m in Figure 2. The maximum calculateshDeconcentration
is found at x = 3200 m, and is 0.103. At this plag€x) = 230 m andz(x) = 188 m.

Next, consider the same plume using wind tunnedtlesn The ground-level concentration profile fo=B1188 m (Figure 2)
has a measured maximum nonD-concentration at 2803m. At this place, one expeagx) = 0.230 m andi(x) = 0.188
m, because basically, all distances are dividetidp.

However, using equations (5a)-(5b), one findg(x) = ( a@3.2)" ) = 0.98 m ando(X) = b(3.2f' = 0.96 m, which is
respectively 4 and 7 times larger than allowednaygimilarity-requirement of the material distrilout in the plume between
the two length scales. The problem is easily sbiVex is scaled down by a factor 1000, shrinks by only a factor (0.001
)¥. Fora=0.796, this factor is 4.09 times too large, ansfe0.711, the factor is 7.362 too large. Consequgfutyuse on
the millimeter length scale of the wind tunnel, tteefficients a and b to be used in equations (2a)-must be divided by
respectively (0.001%and (0.0014.

Determining the wind tunnel scale for the Mol terran
We can now look for which scales equations (5a) @itd give a value for the coefficients a and ltlase as possible to
those, observed in the field by Bultynck-Malet, dind:
« aclose match with dispersion under neutral comlitis found for the 200 mm stack at a sca20P6 , where egs.
(5a)-(5b) give; a(hs)=0.425 and(hg)=0.512, compared with(E3)=0.418 and(E3)=0.52 in Table 1;
« aclose match with dispersion under slightly stadgiaditions is found for the 250 mm stack at aesd#86 , with
a(h9=0.309 and(hs)=0.38, compared ta(E,)=0.297 and(E,)=0.382 in Table 1.
So the initial guess of all000 scale is close to the geometric average ddlbge two scales.
The wind speed exponents in wind tunnel and (Meljifare however different, the increase with heighthe wind tunnel
being less steep than in the field.
Fortunately, the question of the scale between wimeel and the field is crucial only when one us&sd tunnel data to
determine values for coefficients in equationsuse in the field or inversely. This is, in this pgmot our intention to do.
The lesson to remember from all this, is that thefficients of the dispersion parameters in equati@a)-(2b) depend upon
the distance scale they have been determined liervalues of the exponemsndp however are scale invariant.

PROPOSED FORMULA FOR BUILDING DOWNWASH PLUMES

Based on own visual observations of water vapoumpkifrom small heating installations (dwellings)uitban and rural
regions during winter time, it seemed logical tedstigate whether the impact of a plume subjediuitding downwash
could be computed by replacing the single pluma kgt of sub-plumes, having a log-normal type itistion of height and
pollutant mass This paper only gives some elements of the foambund. Using the bi-Gaussian transport and iape
equation form, the ground-level concentration adusuch a set of sub-plumes is of the form:

® In PRIME, the plume is split in two plumes onlyeorarrying a part of the pollutant mass insidectsty, the other plume
being outside the cavity. In our approach, the ephof ‘cavity’ is not used, but the mathematicahfiulas we find to
describe the ground-level concentrations can bé tesquantify some properties of that ‘cavity’ cept
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Table 1: The Bultynck-Malet stability classificatigystem, as determined along a 120 m high metspoall tower over a sub-urban park-
like (conifer trees) terrain in Mol, Northern Belgn

Stability class Incgex a)=(EX"T | ab)b(E XS criterion (¥) Exponent of wind speed profile
' a a b 6 550 5<0

stable E1l 0.235 0.796 | 0.311 | 0.711 A>2.75 0.53
sightly stable E2 0.297 | 0.796 | 0.382 | 0.711 | 1.75<=A<=2.75 0.4
neutral E3 0.418 | 0.796 0.52 0.711 | A<=1.75.0r. A<=2. 0.33
slightly unstable E4 0.586 | 0.796 0.7 0.711 2<=A<=2.75 0.23
unstable E5 0.826 | 0.796 0.95 0.711 2.75<=A<=3.3 0.16
very unstable E6 0.946 | 0.796 | 1.321 | 0.711 A>3.30 0.1
storm E7 1.043 | 0.698 | 0.819 | 0.669 wind speed (69m) > 11 m/s 0.33

F:A=1logl0 (abs (S) * 10 26
with: S =( ((T(114m)-T(8m) )/ (114. - 8.)) + (0.0098)) / (wind speed (69m)A 2)
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Figure 2: Reproduced (line) and observed (dots)rgtdevel concentrations measured in the wind tufunésolated stacks with heights
ranging from 38 m to 450 m (assuming a 1aibm:scale)

Table 2: Coefficients of dispersion parameterdienfteld (Bultynck-Malet) and in the wind tunnetsaming a scale-1000. Values of
comparable magnitude in the Field and in the Wimthel are connected by arrows

Field

Wind tunnel

Field

a

b H_stack

E2

0.297 \

0.382 —

70.350
0.367
0.385
0.402
0.419
0.435
0.468
0.500
0.532

E3

0.418

0.52 —
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where the subscrig, refers to the log-normal type distribution ands a virtual distance takes into account the iased
turbulence near the building, and, for some stadlding configurations, additional mixing of strelimes over a small
interval along the plume trajectory. The log-noritygle distribution is defined by:

exp (In(h)- |2 on(X"))
Due to the absolute sign around the eccentricitialite z, all heights are smaller (or at most equal B))Never*t*heless, we
call hy the ‘median’ height of the plume set. We {$g) to denote the distance betwegrahd exp ( In(h)- on(x )). Using
these symbols, 68% of the pollutant mass emittedsgyned to plumes at heights betwegamid k- X(x).
For each sub-plume, the transport wind sp&®gl) and the coefficienta andb of the dispersion parameters are computed
using the sub-plume heighy, in equations (4a)-(5a)-(5b).

REPRODUCING GROUND-LEVEL CONCENTRATIONS FOR PLUMES SUBJECT T O BUILDING

DOWNWASH

Figure 3 shows ground-level concentration profiteplumes of several stack heights with and withmuilding. The stacks,

ranging in height from 1 to 2.5 times the (cubidmlilding height (150mm), are located on the dowmvside of the

building.

Upwind displacement of the virtual source is al2k® mm, the ‘median’ plume heigh§ is 50 mm below the stack orifice.
¥(x) reaches a maximum of 50 mm at the locatiorhefrhaximum ground-level concentration.

without building, reproduced by equations measured with cubical building, stacks at measured + reproduction by equation (6
(5a),(5b) wind downward side of building
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Figure 3: Ground-level concentration profile forissions through stacks of 150, 188,225, 300 andh375

CONCLUSIONS

In the last part of this paper, we showed thagtioeind-level concentrations, measured in a windeéuander a plume
subject to building downwash, can be reproducedguaiset of bi-Gaussian plumes. Leaving someldetpart, these
plumes have a lognormal-type distribution of heigid pollutant mass. In the model we are develgmagh sub-plume is
subject to dispersion as if there was no buildmthe wind tunnel.

Therefore, we determined in the first part of pla@er the dispersion parameters needed by a kis@aumodel to
reproduce the observed ground-level concentratfonsvind tunnel plumes of different heights in abse of a building.
Finally, we investigated the relation between disjg on the length scale of a wind tunnel andhenléngth scale of field
(or ambient atmosphere). A scale ratio of 1 mmdwimnel to 1 m in the field in both x, y and zedition was found to be a
good approximation.

As a result, incorporating this in a bi-Gaussiamp model could strongly increase the capacithefodel of predicting
pollutant concentrations in the vicinity of buildis neighbouring emission sources.

REFERENCES

Bultynck, H. and L. Malet, 1972: Evaluation of atmphsric dilution factors for effluents diffused froan elevated
continuous point source, Tellus, Vol. 24, pp. 442-4

Guenther, A., B. Lamb and E. Allwine, 1990: Buildiwgke dispersion at an arctic industrial site- Fietter observations
and plume model evaluatiomstmos. Environ.,242329-2347.

Huber A.H. at. Al., 1980: The effects of a squaitding on short stack effluents: a wind tunnel stugPA-600/4-80-055.

Lefebvre W. et al., 2010: Simulating building dovashk of heavy metals by using virtual sources: nustogy and results,
Harmo 13 Conference Proceedings

Olesen, H.R., R. Berkowicz, M. Ketzel and P. Lgfstraf09: Validation of OML, AERMOD/PRIME and MISKAM sing
the Thompson Wind-Tunnel Dataset for Simple Stackeig Configurations, Boundary-Layer Meteorology,
Volume 131, Issue 1, pp.73-83

Thompson, R.S., 1991: Data report. Project: Buildwngplification Factors.US EPA

Thompson, R.S., 1993: Building Amplification Factdos Sources Near Buildings - A Wind-Tunnel Studymispheric
Environment Part A-General Topics 27, 2313-2325

308





