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ABSTRACT 

This thesis presents three publication manuscript papers dealing with the effect of 

closely spaced buildings on the dispersion of exhaust gases. The first paper develops a 

final-nse gaussian model with a limit on the amount of dilution produced by plume 

height. It is shown that this is a suitable model for predicting dilutions over buildings 

with the same roof height and dilutions of plumes from isolated stacks with no buildings 

present. In the second paper, the final-rise gaussian model is extended to produce a roof- 

level dispersion mode1 for cases where a plume is emitted from a stack on a building 

downwind of a taller adjacent building. The model includes extra initial dilution and 

added vertical spread and a decrease, caused by building downwash, in the effective 

plume trajectory and if necessary a vimial origin shift of the plume. Cnteria are 

developed to determine if the plume is trapped in a recirculation cavity formed in the 

wake of the upwind building. The third papa assesses the performance of the gaussian 

model in the first two papers in predicting dilutions on the wall of a building adjacent to 

a lower ernitting building. The average dilution on the roof of the emitting building and 

the roof of the adjacent building is predicted using the roof-level theoretical model from 

the second papa as an estimate of the dilution on the wall. 
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C W R  1 

INTRODUCTION AND LITERATURE REVIEW 

OVERVIEW AND BACKGROUND 

Exhaust gases ejected fiorn stacks on a building roof can contain harrnful 

chernicals or undesirable odors. Proper design of exhaust stack height, location. and exit 

velocity is required to prevent unacceptable concentrations of exhaust gas appearhg in 

building air intakes. Knowledge of dispersion pattens around buildings is essential in 

determining the stack exhaust location, stack height and exhaust velocity needed to avoid 

unacceptable levels of exhaust gas king present on nearby building surfaces and ingested 

into building ventilation systems. 

When two buildings are closely spaced, as is common in an urban industrial 

setting, there is the possibility of contamination between exhaust from vents on one 

building and intakes on either of the buildings. Even if an exhanst stack is designed to 

avoid contamination of intakes on the emitting building, intakes on a closely spaced 

adjacent building can be affected. Exhaust stack designs that improve conditions on one 

building often worsen the situation on a higher adjacent building. As well, if stacks were 

adequately designed to avoid unacceptable levels of contamination when a building was 

standing aione, the construction of a closely-spaced neighbonng building can affect the 

flow pattens in such a way that the stacks are no longer adequate. 

Three publication manuscript papen dealing with the effects of closely-spaced 

buildings on the dispersion of exhaust gases will be presented in the following chapters. 

These three pape= present the results of part of a larger study on adjacent building 

effects reported in Wilson, Fabris, Chen, and Ackerman (1998). 



CURRENT STATE OF KNOWLEDGE 

Experirnentai Techniques 

Previous investigaton have used wind tunnel simulations to measure dilution of 

exhaust gases over scale mode1 buildings. (Dilution at a particular point on the building 

is defined as the ratio of the contaminant concentration in the exhaust (source) gas to its 

concentration at a point on the building.) Snyder and Lawson (1976) and Huber and 

Snyder (1982) used a methane air mixture as a tracer gas that was detected by a flarne 

ionization detector. Wilson (1976) used helium-air mixtures as the tracer gas with 

concentration measurements made by a thermal conductivity detector bridge. Robins and 

Castro ( 1977b) used flarne ionization detector with a helium-propane tracer gas mixture. 

Here, the helium was used to obtain the proper density of the tracer gas. Sarnples were 

taken and passed through the tlame ionization detector to determine propane 

concentration. Ogawa et. al. (1983) used sulfur hexafluoride tracer with sample 

concentrations determined by a gas chromatograph. Snyder (1994) used an air helium- 

ethane tracer gas mixture. Helium gas was used to give the correct exhaust gas buoyancy 

and a fiame ionization detector was used to measure ethane concentrations. 

Previous investigators have aiso made concentration measurements in a water 

channel. Snyder (1993) used neutrally buoyant dye released into the flow with samples 

collected at various locations. The sample concentrations were analyzed with a probe 

calorimeter. Laser induced fluorescence techniques have been developed by Lui (1996), 

and Johnston and Wilson (1997). These methods used disodium fluorescein dye tracer 

illurninated with laser sheet Iighting. Fluorescent light was detected with a video camera 

calibrated against known concentrations of the tracer dye. The present study used a 

refinement of this technique. 



Plumes on Single Buiidings 

Previous investigations have focused on dispersion patterns around a single 

building. The effects of the presence of a single building on the dilution of a plume from 

an upwind source have been investigated by Wilson and Netterville (1978) , Wilson and 

Britter ( 1982) , Li and Meroney (1983), and Thompson (1993). Ail of these studies 

considered only point sources upstrearn of the building and not ernissions from a stack on 

the roof of a nearby building. 

Wilson (1976) investigated the concentration over the roof a single buildings with 

intakes and exhausts on the same roof and developed a dilution model. This theoretical 

model dealt with exhaust and intake vents on the sarne roof and did not incorporate 

effects of exhaust gas momentum or exhaust stack height. The model was extended by 

Wilson (1977a) to predict dilutions on the sides of the buildings. These models did not 

account for air entrainment by the exhaust jet so they could not be used near the stack. 

The initiai dilution that accounts for exhaust jet and buoyancy-induced air 

entrainment near the source has k e n  included in several theoretical models, c.f. 

Halitsky (1982) , Wilson and Chui (1985) , and Wilson and Lamb ( 1994). The initial 

dilution method places al1 the near-source jet dilution at the exhaust location and ailows 

the model to be used close to the stack. These models still gave no credit for stack height 

or plume rise placing the plume centerline at the roof of the building. Wilson (1977b) 

and Wilson and Winkel(1982) considered an effective stack height that was the 

combination of an actual stack height plus plume nse due to exhaust jet momentum. 

Snyder and Lawson (1976) also investigated the effect of plume height and downwind 

concentration by specifying a minimum necessary stack height and did not consider 

variation of dilution with stack height. 

The effect of wind direction at an angle to a building was investigated by Li and 
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Merony (1983) and Chui and Wilson (1988). Li and Meroney found that for Iow exhaust 

velocities there was a reduction in dilution by a factor of 3 to 9 when the building was 

placed at a 45 degree angle to the flow. These results were confimed by Chui and 

Wilson who found sirnilar reductions in dilution for low exhaust velocity. For high 

exhaust velocities with ratios of exhaust velocity to windspeed greater than 1 .O, Chui and 

Wilson found that varying wind direction had a negligible effect on roof-level dilution. 

SCOPE OF PRESENT STUDY 

Measurernent of Adjacent Building Effects 

Previous investigations have not considered the effects of closely spaced 

neighboring buildings. The present study used water channel simulations to mode1 

dispersion around adjacent buildings. An existing laser induced fluorescence technique 

was refined to measure the concentrations of stack exhaust and detennine the effect of the 

presence of adjacent buildings on the dispersion of a plume. A flourescent dye tracer was 

emitted from stacks on a mode1 building to trace the dispersion of the plume. Fluorescent 

light from dye excited by a laser light sheet was filtered to remove the laser light 

frequencies, detected with a video camera, and time averaged by a digital frame grabber. 

A calibration technique was developed to determine the relationship between 

concentration and observed light intensity. Details of these experimental techniques can 

be found in Appendices A through G which deal with building configurations, laser 

induced fluorescence, rotameter settings, attenuation of dye fluorescence emission, light 

attenuation through plumes, video carnera linearity, and data analysis procedures. 

Concentrations were measured on building roofs and walls for several different 

building configurations. Parameters varied were: spacing between the emitting and 

adjacent buildings, the relative height of the two buildings, the exit velocity of the stack 

exhaust, the height of the stack, the position of the stack on the emitting building, the 



width of the buildings and whether the adjacent building was upstream or downstream of 

the emitting building. In total, this resulted in over 1700 exhaust and building 

configurations k ing  tested See Appendix A for a description of al1 the dif5erent 

building configurations, although not ail are discussed in this thesis. Al1 building 

scenarios considered in the present study have the wind direction normal to the leading 

edge of both building. 

Three papers are presented in this thesis to address different aspects of the 

investigations. In Chapter 2, the first paper contains selected data from plumes emitted 

from isolated stacks on a flat surface with no buildings, and from stacks on fiat roof 

buildings, see for example Figure 2.2. A gaussian plume spread model is used to 

correlate the data for both these cases. Although recent investigators such as Brown 

et. al. ( 1993) and Genikhovich and Snyder (1994) have tried using non-gaussian plume 

models. the present study will show that a simple gaussian model c m  be adapted to 

produce realistic results on building roofs. A review of non-gaussian plume models cm 

be found in Brown et. ai. (1993) 

Chapter 3 presents a paper with measured and predicted roof-level dilution data 

with a taller building upwind of the emitting building. The gaussian mode1 developed in 

Chapter 2 is then extended to predict plume dispersion in the wake of the taller adjacent 

building. Chapter 4 presents a paper that deals with dilution measurements on the wall of 

the recirculation cavity formed between the ernitting building and a higher upwind 

adjacent building. The gaussian plume model developed for roofs in Chapten 2 and 3 is 

tested in Chapter 4 to assess its ability to predict dilution on building walls. 
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CHAITER 2 

GAUSSIAN PLUME MODEL FOR CONCENTRATIONS ON FLAT ROOFED 

BUILDINGS AND FROM ISOLATED STACKS 

The objective in this chapter is to develop a simple gaussian plume model to 

predict the dispersion of a plume over same roof height buildings and near an isolated 

stack with no buildings present. Using a gaussian distribution for the vertical 

concentration profile is only strictly correct for the idealized case of dispersion in a 

uniform wind with speed U, everywhere. For dispersion with no buildings present the 

windspeed U varies with height z above the ground raised to some power a, that is Ua f 

in the atmospheric boundary layer. However, considenng its simplicity, a gaussian plume 

does remarkably well in capturing the fundamentai physics of the dispersion process. See 

Brown et. al. ( 1993) for a comparison of non-gaussian to gaussian plume rnodels. 

Scale model atmospheric fiow simulations were carried out in a water channel 

facility shown in Figure 2.1. Recirculating flow in the water channel passes through 

turbulence screens and then roughness elements that produce turbulence typical of an 

atmospheric boundary layer. The flow then passes over the scale model buildings. 

Fluorescein tracer dye stored in a tank on the side of the water channel is pumped through 

a flexible tube and out through stacks on the mode1 buildings to simulate exhaust stack 

release. Laser light sheets were Iocated above the building roofs to create illuminate the 

tracer dye. Fluorescent light from the tracer dye intersecting the light sheet was detected 

with a video carnera above the water channel. 

Figure 2.2 shows the different building configurations investigated in this chapter. 

Plumes were emitted from one of three different stacks numbered 1,2, and 3. The 

reference building is a long flat roofed building used for comparison with the more 



complicated building scenarios. 

GAUSSIAN PLUME MODELS 

The plume dispersion mode1 developed in this chapter assumes a gaussian 

concentration profile. For contaminant concentration Ce in the exhaust gas, a volume 

flow rate at the stack of Q, . and a uniform plume convection windspeed of CI, , plume 

spreads in the crosswind direction y and vertical direction z of a, and respectively, the 

concentration C at any point in space (x', y, z) in a gaussian plume is, 

where x' is the downwind distance from the stack, y is the crosswind position, and z is 

the vertical position above the mas  reflecting surface, either the ground or a building 

roof. The height of the plume centerline above the mass reflecting surface is given by h. 

The plume spreads a, and cs. are the standard deviations of the gaussian concentration 

profile of the plume. 

The second term in the square brackets in Equation (2.1) is the surface reflection 

term. When exhaust is camied down to ground level or roof level, it cannot penetrate the 

surface and the material is reflected back up. This is equivalent allowing the materid to 

pass through the ground or roof and placing an image source below ground that is the 

same distance below ground as the actual plume is above ground. The vertical distance z 

between a point in space and the height of the image plume is then z+h which appears in 

the surface reflection term. 

The height h of the plume is a combination of the height of the stack h, above z=0 
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and plume rise A?z above the stack tip caused by jet momentum or exhaust gas buoyancy 

SO, 

The present study is only concemed with roof level or ground level concentrations 

where z=O. Of particular interest are the concentrations dong the plume centerline on the 

roof where the maximum concentrations occur. Using z=0 and y=O in Equation (2.1) 

gives centerline concentrations Cr dong roof level or ground level as  

The dilution D can be defined as the ratio of concentration of the stack exhaust C, 

to the concentration C at any point in space so that D=C, / C. For maximum roof level 

concentration Cr ,  a minimum dilution is defined as D,=C, / Cr. The dilution can be 

normalized with the volume flow rate of effluent form the stack Q,, the standard emitting 

building reference height H, and the velocity UH at the reference height H in the 

approaching flow. Equation (2.3) can be rearranged to give normalized minimum 

dilution as 

e dilutio w here H i s an arbitrary length scale used to non-dimensionalize th a. The present 

study uses the height of the reference building as a convenient length scale although any 

length scale could have been chosen. The height of the reference building was 



H=2"=50.8 mm in the laboratory models or 40' in the full scale for a scale ratio of 240: 1. 

A single value of Cl, was used in the laboratory flow simulations. The maximum possible 

value of U, was used to give the highest possible Reynolds number Re,, . The results are 

applicable to situations with different windspeeds Cl, since the plume rise only depends 

on the ratio of the exhaust velocity M. 

As the plume moves downstrearn, the plume spread becomes much larger than 

the plume height h so that the exponential term in Equation 2.4 becornes negligible. It 

will be shown that the plume spreads q and are linearly proportional to downstream 

distance x so that the normalization in Equation 2.4 produces a non-dimensional dilution 

that is only proportional to 3 when far downstream of the source. 

ISOLATED STACK 

In addition to the scaie model building water channel experiments, experiments 

were also cmied out in which dye tracer was emitted from a short stack near ground level 

with no buildings present. The stack height h,=O. 175H was at the same height above 

ground level as the shortest stacks used on the model buildings were above roof height. 

The stack protruded from a smooth surface and was 5.5H downstrearn from the end of the 

roughness element array that was used to produced turbulence in the flow typical of an 

atmospheric boundary layer. This put the isolated stack at the same position downstream 

of the roughness elements as the central stack on the reference building. Measurements 

of fluorescent dye tracer using a laser light sheet at z=Srnm above the smooth floor of the 

water channel were made to measure concentrations near ground level. 

To use Equation (2.4) to model dispersion from the isolated stack, appropriate 

hnctions for the plume spreads qand oz . plume height h. and the ratio Ci, / UR of plume 

convection velocity WC to reference velocity U, at reference height z=H above ground 

Ievel are required. Although there was no building in the case of the isolated stack, the 



reference height H was still used to normalize the dilution for cornparison with cases in 

which buildings were present. 

Effective Plume Convection Wind Speed U, 

Several options for evaluating the effective wind speed CI, were considered. It 

was found that evduating U, at half of the final plume height, t=O.Sh,, was most 

effective in fitting the water channel dilution measurements to a final-rise gaussian 

dispersion model. The final plume height h, is the stack height h, plus the final plume rise 

by jet momentum AhN minus a correction for stack downwash Ahd : 

The final plume rise by jet momentum depends on the inside stack diameter d, the plume 

convection velocity ratio UJU, , and the density-weighted velocity ratio M that is 

defined as: 

where W, is the mean velocity of the stack exhaust, p, is the density of the stack exhaust. 

and pu is the density of the approaching flow. Note that al1 velocity ratios are calculated 

using the windspeed CI, in the approaching flow at the reference height H. For al1 

situations considered in the present shidy the density of the stack exhaust p, and the 

density of the ambient fluid p, were equal. 

After king released from the stadc, a plume continues to rise as it moves 

downstream until it reaches an equilibrium height beyond which there is no further plume 

rise. This is referred to as the point of final rise. From Briggs(1975), the final rise height 



due to exhaust jet momentum Ahw is, 

where d is the inside diameter of the stack. A rise constant of B,=3.O was proposed by 

Bnggs(1975) based on a survey of experimental data and this was found to work well in 

fitting a gaussian model to the present data 

For the isolated stack the effective convection velocity U, is evaluated at an 

effective convection height z, . It was found that taking the convection height zc at a 

height of 

gave good agreement in fitting the data to a gaussian model. 

The velocity profile in the water channel upstream of the ernitting stack or source 

as measured by a laser doppler velocimeter system was 

where CI, =OS7 1 ft/s (0.174m/s) at H=2" (50.8 mm) in the water channel expenments. 

Using Equation (2.9) to relate the effective plume convection velocity Uc at 

height z, to the reference windspeed U, at reference height H gives 



Plume Spread Mode1 

Draxler (1975) gives approximations for crosswind plume spread 0,. and vertical 

plume spread as 

for homogeneous turbulence with crosswind velocity fluctuations v,, and vertical 

velocity fluctuations w,, . The Lagrangian length scales L, and Lw are the distances over 

which the turbulence velocities v,, and w,, remain comelated. For neutral atmospheric 

stability, the full scde atmospheric measurements of McElroy and Pooler (1968) used in 

the EPA mode1 ISCST give 

vm - = 0.16 for 60 min. averages 
U C  



Wnnr = 0.14 for 60 min. averages 
W C  

The Lagrangian length scales L, and Lw are both large compared to the distance x ' 

traveled by a plume over adjacent building roofs, so the denominaton in Equations (2.1 1) 

and (2.12) are close to 1 .O implying that close to the stack (for x' < 10H, where reference 

height H=2" (50.8mm)), both the crosswind plume spread O,. and vertical plume spread = 
Vary linearly with distance: 

where a, is the initial source size that accounts for dilution by exhaust jet air entrainment 

during rise and for the stack diameter. The initial spread a, has been shown to add 

linearly to distance dependent spread, see Wilson and Chui (1985). The crosswind 

spreading rate is A, = u s C  and vertical spreading rate is A,=w-/Uc . 

Measurements of O, in the water channel were used to ver@ the use of linear 

plume spread Equations (2.17) and (2.18). Ground level concentration measurements for 

a short stack with no buildings present were used. The plume spread was calculated at 

each downstream position as the standard deviation of the concentration in the crosswind 



direction y . A gaussian profile was fitted to the concentration profile with the tails 

clipped off klow a concentration threshold of 10% of the centerline concentration, with a 

correction applied to account for the efiect of this threshold concentration cutoff on q. 

Figure 2.3 shows measured spread plotted against downstream distance x . A Iine 

with a siope of 0.08 plotted through the data shows that the Iinear mode1 fits the data very 

well except for near the stack, where there could be a possible systematic error in 

determining plume spread from the data because the plume from a stack is highly diluted 

at ground level and can have its tails excessively cut off by the threshold correction 

calculation method. In addition, the initial dilution spread a, will be increasing as the 

plume gradually rises, causing some of the non-linearity in o, seen near the stack. 

The initial spread O,, results from entrainment into a rising plume jet. Wilson and 

Lamb(1994) show that the initial dilution C, / C, is 

where d is the inside diarneter of the stack and Ah is the plume height above the stack tip 

with no correction for stack tip downwash. If the surface reflection terni in the 

exponential is neglected in Equation (2.1) then C,, can be calculated as 

where the volume flow rate Q, is 



Combining Equations (2.20) and (2.2 1) with Equation (2.19) and solving for 

initial plume spread o, gives 

where is the effective entrainment constant. The value of the effective entrainment 

used to fit the data is taken frorn Johnston and Wilson (1996) where 

In the present study a slightly modified version of Equation (2.22) that includes an initial 

source size Bo d . The tem is included so that the plume still has some initial size in the 

limit of zero exhaust velocity, ie. M=O. The dependence of the initiai spread o, on rise 

Ah with no stack tip downwash can then be estimated by 

At the lowest exhaust velocity to windspeed ratio M= 1, the initial spread o, varied from 

about 0.7d to 2.0d as the plume gradually rose to its final-rise height. This is one source 

of the non-linearity in spread seen near the stack in Figure 2.3. The line fit through 

measurements of crosswind spread a,. in Figure 2.3 gave an initial spread a, = 0.125H = 



2Sd, which is in reasonable agreement with the find-rise prediction of a, = 2.0d from 

Equations (2.7), (2.23) and (2.24). 

When fitting the data with the gaussian dispersion model, good agreement was 

found using Bo = O S  in Equation (2.21). This implies that for the case of M equal to zero, 

such as would occur in the case of a stack with a rain cap for exampie. there is still an 

effective source size, O,, equal to half the diarneter of the stack. 

Dispersion Mode1 Using Final-RW 

Two options considered in modeling the plume rise are referred to as final-rise 

and transitional-rise. M e r  traveling a certain distance downstream from the stack, the 

plume reaches an equilibrium final-nse height beyond which it no longer rises. The final- 

rise model forces the plume irnrnediately to its final-rise height on exiting the stack. see 

Figure 2.4 The plume height h, is equal to the stack height h, plus the final momenturn 

rise Ah4. less a correction for stack tip downwash, Ah,. The final-rise is calculated 

using Equation (2.7). The stack tip downwash correction is given by 

where the constant A,= 1 .O for M(UH / UJs3.0 and A,=O for M(U, / UJ>3.0. This is a 

slightiy rnodified version of the downwash equation recommended by Briggs (1974). 

Equation (2.25) was used since it gave a better fit to the data in the current study. 

Using the equations for spread, velocity ratio and plume height. Equation (2.4) for 

dilution can be used to calculate theoretical final-rise curves. However, because the rise 

is constant even as q approaches a small initial source size q, , the ratio h2/2cr: in 



Equation (2.4) becomes very large and the exponential tenn causes large over predictions 

of the dilution factor D,. To avoid this overprediction in our model, the ratio h2/2< 

was limited to 5. This cutoff Iimits the amount of dilution allowed due to plume rise to 

exp(5.0)= 148 near the source. This is physically redistic since there is less actual plume 

rise near the stack than is predicted by final-rise. Limiting h2n$ to 5 means h is limited 

to h=3.16- In effect the limit of h2/2a: r 5 does not allow the model to calculate 

dilutions more than three standard deviations below the plume centerline. 

Dispersion Mode1 Using Transitional Plume Rise 

A transitional plume rise model allows the plume to rise gradually to its final-rise 

height. The plume transitional-nse height due to momentum is proportional to downwind 

distance from the stack to the 1/3 power, Ah,,,=a?. The plume continues to rise in this 

manner until it reaches the final-rise height given by Equation (2.7) at a final-rise distance 

xw The transitional-rise also uses the stack tip downwash correction in Equation (2.25) 

that was used for final-rise. 

Briggs ( 1975) gives the distance to finai 

so that the transitional rise due to momentum is 

It will be shown that the transitional-mode1 produces results that are much poorer 

than the final-rise model for roof level dilution near the stack. Even though the 

transitional rise model was more physically redistic in ternis of predicting plume 



trajectory, it was eventually abandoned because it is not mathematicaliy robust. 

The transitional-nse Equation (2.27) and Equation (2.10) for effective velocity 

ratio with Equations (2.17) and (2.18) for plume spread were used in Equation (2.4) to 

calculate theoretical plume centerline roof level dilution curves for seven different values 

of stack exhaust velocity to windspeed ratio M emitted from the isolated stack. The 

spread was caldated using A,=0.08, determined from the plume spread measurements. 

Different d u e s  ofA, were tried and it was found that the best agreement between 

the theoretical model and the data could be obtained using A,=0.07. Figure 2.5 shows the 

theoretical lines for transitional-rise plotted dong with the measured dilution. The 

inflection points in the theoretical curves correspond to the point where the plume 

reached final-rise height. One can see that the model transitional-rise dispersion poorly 

predicts dilution near the stack, and only begins to give reasonabie estimates far 

downstream when the plume has reached its final-rise height. 

Part of the Mure of the transitional-rise model cm be attributed to the instability 

of the exponential of the ratio of plume height to plume spread squared in the gaussian 

model. This is particularly unstable near the stack where the plume spread approaches its 

small initial value a, . This exponential term is sensitive to small changes in any of the 

parameten, making thus makes it difficult to create a robust model for dilution near the 

source. 

Cornparison of Figure 2.5 (transitional-rise) with Figure 2.6 (final-rise) shows that 

downstream the models are nearly identical. Near the stack the final-rise model with the 

exponential cutoff that limits h2/2a:s5 produces a much more realistic estimate of 

dilution. The cutoff-limited model predicts both closer dilutions and the proper shape of 

the dilution curves close to the stack where b3.1 hr 



REFERENCE BUILDING 

The reference building as shown in Figure 2.2, with a long flat roof downwind of 

the 3 stacks, was used as a simple baseline configuration to see how a building affects the 

plume spreads a, and or Figure 2.7 shows dilution contours over the roof of the 

reference building emitted from stack 2 with a stack height hs=O. 175H and a stack 

exhaust velocity to windspeed ratio M of 1.0. The reference building is an emitûng 

building with a long flat roof downwind of the stacks. 

Figure 2.8 shows plume spread fit with a line of dope 0.08. As in the case of the 

isolated stack, the line fits the data quite well except for near the stack where it is 

expected that the gaussian mode1 can break down. This means that the sarne linear plume 

spread assumptions in Equations (2.17) and (2.18) that were used for the isolated stack 

may be used for the reference building. 

Effective Plume Convection Windspeed U, 

The effective wind speed II,, is difficult to evaluate for the reference building. 

The flow accelerates over the upwind edge of the building changing the vertical velocity 

profile over the roof. The convection velocities seen by the plume will depend on stack 

height and plume nse, and Vary as the plume is dispersed back down to the roof. After 

trying several alternatives for estimating the plume convection speed Uc , and the stack 

height windspeed Us, it was found that a good estimate for both Uc and Us was the 

velocity of the approaching flow at roof height H, so that U,=U,=U, on the buildings. 

Transitional vs. Final-Rise Dispersion Models 

As in the case of isolated stack, the data for the reference building was fitted with 

both transitional and final-rise models. Equaîion (2.4) was used with height h as height 



above roof instead of height above ground level. Figure 2.9 shows data from plumes 

emitted at stack 2 at six different velocity ratios on the reference building plotted with 

theoretical lines for transitional-rise. Transitional-rise dilution predictions were 

inaccurate except for far downstream where the plume had reached final-rise. The 

transitional-rise model drastically underestimated the dilution near stack and then 

overestimates the dilution farther downstream for higher velocity ratios. 

Figure 2.10 shows the same data plotted with a final-rise model, that produces a 

closer fit to the rneasurements than the transitiond rise model. The benefits of using a 

final-rise model can be seen more clearly by comparing Figures 2.1 1 and 2.12 that show 

data plotted from stack 2 on the reference building with a stack height equal to half of the 

building height and six different velocity ratios. Figure 2.1 1 shows the transitional-rise 

mode1 while Figure 2.12 shows the final-rise model. The transitional-rise model was a 

poor fit to the measured data, with values that are several ordea of magnitude too large 

for the first few building heights downstream of the stack. 

Exponential Cutoff for Final-Rise Gaussian Modeis 

By using a final-rise model and lirniting the ratio h 2 / 2 g  to 5, more realistic 

estimates of the dilutions were obtained as shown in Figure 2.12. As discussed before, 

the limit h2/2d 5 5.0, effectively prevents the model from calculating dilutions at more 

than three standard deviations from the centeriine. If the plume were truly gaussian 

however, for high stacks with hs=0.5H the roof level would be more than 10 plume 

standard deviations below the plume trajectory at the stack position, and one would 

expect very high dilutions near the stack. 

The fact that low dilution was observed near the stack, illustrates that the plume 

does not follow a gaussian profile and some other rnechanism must be responsible for 

dispersing the plume d o m  to ground level near the stack. This would also explain the 



failure of the transitional-rise model. Even though the plume trajectory used in the 

transitional-rise dispersion model is more related to the physics of real plume behavior 

than simply using the final-rise height, the transitional model assumes gaussian plume 

spread that does not provide reasonable estimates close to the plume origin. Using a 

final-rise model and exponentid cutoff limir h2/2a: r 5 simpiy makes the gaussian model 

produce reasonable estimates near the source. 

ROOF EDGE RECIRCULATION ZONE 

Effluents ernitted from a stack near the upwind edge of the building can be 

trapped in a recirculation zone near this leading edge. Recall that Figure 2.7 shows 

dilution contours from the centerline stack 2 with no plume trapping. Compare this to 

Figure 2.13 dilution for the same velocity ratio M= 1 and siack height hS=0.175H but 

emitted from stack 1 close to the upwind edge of the building. The effect of this roof 

edge recirculation zone is clearly evident by comparing these two figures, particularly in 

the regions near the stack. In Figure 2.13, exhaust from stack 1 is canied upstrearn from 

the stack and there is a much larger plume width near the source. This increase in 

crosswind spread is also shown in Figure 2.14 where there is a sharp increase near the 

leading edge of the building. Beyond a few stack heights downstrearn, however, the 

plume spread is still linear and cm be fitted with a slope of 0.08 as in the previous cases. 

The crosswind plume spread q calculated by fitting a gaussian to y direction 

profiles, is shown in Figure 2.14. The exhaust from the short stack &=O. 175H) with its 

lowest exhaust to windspeed ratio M= 1, allowed the plume to be trapped in the roof edge 

recirculation cavity and carried upwind to the roof edge. This recirculation and large 

increase in plume spread in the roof edge cavity has only a modest effect on the plume 

farther downwind. The plume growth rate A, , in Equation (2.17) was still at 0.08, the 

value found for an isolated stack, and for stack 2 on the reference building, where roof 

edge recirculation did not trap the plume. The only effect of roof edge cavity trapping 



was an increase in initial plume to aO=3.5d for the trapped plume in Figure 2.14 This 

added spread and virtuai origin shift will be included in the dispersion model. 

In order to adjust the model to emulate the effect of this recirculation zone, the 

vimial ongin was shifted back to the upwind edge of the building and extra initiai spread 

was added to the plume. If maximum height of the cavity is Hc , and L, is the length of 

the cavity, and Xc is the distance fiom the leading edge of the building where the cavity 

reaches its maximum height H, , the dimensions of the recirculation cavity are as 

Hc=0.22Rd, X, = OSR, , and Lc=0.9Rd where the scaling length ~ ~ = & " k 4 ~ '  when 

building width Y larger than the change in roof level AH at the upwind wall where the 

cavity exists. These dimensions are taken from 1997 ASHRAE handbook based on 

measurements by Wilson (1979). The shift of the origin in the model was made only if 

the stack position fell within the recirculation zone and the final plume height was less 

than H, . 

On the buildings used in the current study the criteria in Equations (2.28) and (2.29) shift 

the origin for the upstream stack 1, but not for stack 2 or stack 3. 

The extra spread due to the recirculation cavity is 



In Equation (2.30), Rd =@67ya33 is based on the width and height increase AH of the 

front face of the building. For the reference building there was no upwind adjacent 

building and A.H=H. Here, Y is the crosswind width of the building and H is the ernitting 

building height. The cavity position X, , and stack position x,, are measured from the 

upwind edge of the roof so that this produces a correction equal to 0.05R on the leading 

edge that decreases as the stack location moves out of the recirculation cavity. For the 

central stack location 2, x,, =O. 125H and for 2.5H wide reference building, X, =0.68H. 

At stack 2. the correction in Equation (2.30) is reduced to only 4% of its initial value. 

The source size correction  AG,,^^ in Equation (2.30) contains no dependence on 

stack height, so for al1 stack heights there will always be some additionai plume spread 

added. It may seem unredistic that extra plume spread is added even if the stack is above 

the recirculation zone, but for plumes that begin just above the zone, sorne of the stack 

exhaust can still be caught in the recirculation zone as the plume is diffused downward 

giving an apparent initial spread. For plumes much higher that the front edge roof cavity, 

the extra spread does not affect the prediction at roof level significantly. 

Measurements of Added Plume Spread and Dilution 

The increase of measured initial spread a, from 2.0d to 3.5d with edge cavity 

trapping, shown in Figures 2.8 and 2.14 , gives a measured value of AG,,,,= 1 Sd. 

Equation (2.30) for the edge trapping effect was developed from roof level dilution 

measurements, not plume spreaùs o, and so is independent of the measured values of 

A , , , ,  . For stack 1, x,, =0.25H, the scaling length Rd =1.35H for the 2.5H wide 

building, so the cavity position is X, =0.68H. Using these values in Equation (2.30), the 

predicted increase in initial spread is A u  = 1.13d, in reasonably good agreement with 

the measured values of 1 Ad, considering that the predicted value is an adjustment for al1 

the effects recirculation of final-rise gaussian plume model. 



The effect of this correction c m  be seen by comparing Figures 2.15 and 2.16. 

Figure 2.15 shows data from plumes emitted at stack 1, stack height h,=O. 175H, and six 

different vaiues of exhaust velocity to windspeed ratio M piotted together with theoretical 

Iines caiculated using an uncorrected final-rise model. Note that these curves will be 

identical to the final-rise model dilution curves for stack 2. Figure 2.16 shows the 

theoretical curves cdculated with final-nse with the origin shifted back to the leading 

edge of the building and extra initial spread has k e n  introduced. For high values of M, 

the agreement between predicted and measured dilution values is about the same but at 

lower M values the theoretical model with the front edge correction does a better job of 

predicting dilutions near the stack. 

The most significant effect in plume trapping correction is produced by the 

addition of extra spread. The shifi of the vimial origin alone would only produce a small 

change in the predicted dilution downstream of the stack, but forces the mode1 to produce 

the required concentrations upstrearn of the stack where the plume is trapped in a front 

edge recirculation cavity. 

BUILDINGS SEPARATED BY A GAP 

The next case considered was two buildings separated by a gap equal to the 

building height and whose roofs are at the same height. These building configurations are 

referred to as step across buildings. The same theoretical model used for the reference 

building was applied to see how well it would work for gap between the buildings. In the 

first case, the downwind and ernitting building were separated by one building height. 

Figure 2.18 shows plots of dilution data measured on the emitting and adjacent building. 

Data and theoreticd models appear in Figure 2.18 for three different values of Md/drCf. 

This ratio is used so that results are applicable to different stack diametea. Since plume 

rise depends on the ratio Md, see Equation 2.7 , different combinations of M and d that 

produce the sarne value product Md should have the sarne plume nse and dilution. Since 



the value of d is specific to this experiment, Md is norrnalized by using this as the 

reference diameter de. In the present study, the stack diameter d and reference diameter 

were always equal so that MIVd,  = M. 

Even though no adjustments were made to the mode1 for the effect of the gap, it 

still predicts dilutions quite well, within 20% in most cases and at most a factor of 2. 

This is quite good considering that the measured dilutions on the buildings varied over a 

range of 300: 1. That the presence of a gap has littie effect on the measured dilutions 

seerns to indicate that the gap can quickly be filled with concentration close to the roof 

level value and that for each bit of exhaust gas that is dispersed d o m  into the gap, the 

sarne amount is dispersed back up producing the same efiect as if the plume had been 

reflected from the roof. 

The same model is used to predict dilutions for building widths of both 2.5H and 

5.OH. In Figures 2.18 and 2.19 the dilution data for both building widths is almost the 

same and small differences could be attributed to run to run variations. (Note that the data 

in Figures 2.18 and 2.19 is plotted with different scdes for downwind distance.) The 

model accurately predicts through its weak dependence on width Y in the initial plume 

spread AG,,, that is proportional to R,=@'~Y''~~. 

Plume Spreading Rates 

Figure 2.17 shows the plume spread measured over the emitting and adjacent 

building with a stack exhaust velocity to windspeed ratio M of 3, at stack 1 and a stack 

height of 0.25H. The crosswind spread q measured on the reference building for the 

same velocity ratio M, and stack height are also shown. In the gap there is an increase in 

spread likely due to leaking of the concentration out the sides. However, over the roofs of 

the two buildings, the spreads are almost identical, both Iinear with distance and having a 

slope of 0.08. 



STACKS ON DOWNWIND ADJACENT BUILDING 

The final case examined was buildings with the same roof height with the 

emitting building downstream of the adjacent building. Figure 2.19 shows measured 

dilutions for the step across case where there is a gap between the buildings with gap 

width equal to the building height H. Also plotted are the theoretical curves for dilution 

calculated with the final-rise model. Data is shown for three different d u e s  of stack 

exhaust velocity to windspeed ratio M, emitted from stack 1, the upstream stack. in the 

cases where the emitting building was upstrearn, virtual origin shifts were made for 

stack 1; however, since the adjacent building height is only one emitting height upstrearn 

for the situation in Figure 2.19, the flow streamlines are not forced up from ground level 

in front of the emitting building. The strearn lines are already at roof height on the 

adjacent building and do not have a chance to move back to ground level as they move 

across the space separating the buildings. As a result, no correction for the roof edge 

recirculation zone was made when the emitting building was downstream. 

The theoretical model plotted in Figure 2.19 shows good agreement with the data, 

but is slightly conservative in rnost cases. One would expect the presence of the upwind 

building would increase the turbulence in the flow and create higher dilutions, and in fact 

observed dilutions were slightly higher than the predictions. No attempt is made to 

incorporate this effect into the model since the effect is minor and the simple approach 

produced reasonable estimates of dilution for this case a s  well as the reference building. 

CONCLUSIONS AND DESIGN GUIDELINES 

A gaussian plume model was developed to predict dilutions for the simple cases 

of dispersion from isolated stacks and stacks on flat roofed buildings. This model will 

serve as a starting point when dealing with more complicated building configurations in 

subsequent chapters. Five main points were be established: 



Dilution close to the stack is poorly prtdicted by a transitional-rise model. 

Using a final-rise model with a limit on the amount of dilution from plume 

height near the stack produces better estimates of the minimum dilution. 

Plumes emitted from stacks near the upwind edge of a building are caught in a 

recirculation zone which forms at this leading edge. This requires that the 

plume be simulated with a larger initial source size and a shift in the virtual 

origin back to the upwind edge of the building. 

The presence of a gap between buildings of the same roof height has little 

efiect on the dilutions and spreading rates on the roofs of the two buildings. 

In the gap, the crosswind spread is increased; however, over the building roofs 

the spread show the same distance dependence as on a long flat-roofed 

buildings. 

The presence of a building has very little effect on the spreading rate of the 

plume in the cross strearn direction. 

Note that al1 the cases discussed in this chapter there was virtually no change 

in the cross stream spreading rate A, . The spreading rates for the reference 

building and step across building with a gap were the same as those from the 

isolated source. Based on these observations in can be concluded that the 

presence of the buildings has almost no effect on the turbulence in the cross 

strearn direction and as a result, plume spread o,. remains constant. 
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Figure 2.1 Schematic of waier channel facility used to simulate aûnospheric flow 



Figure 2.2 
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Building configurations investigated for Chapter 2. 
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Figure 2.3 Plume spread measured at ground level from an isolated stack release at 
a stack exhaust velocity to windspeed ratio of 1 .O and a stack height of 
0.1 75H. 
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Figure 2.5 Dilutions from an isolated stack for 7 different values stack exhaust 
velocity to windspeed ratio M with theoretical curves cdculated from 
transitional rise model. Compare to Figure 2.4 showing final rise 
curves for the isolated stack 
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Figure 2.6 Dilutions from an isolated stack for 7 different values stack exhaust 
velocity to windspeed ratio M with theoretical curves calculated from 
final rise model. Compare to Figure 2.3 showing transitionai rise 
Cumes for the isolated stack. 
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Figure 2.7 Dilution contours over reference building for plume emitted from center 
stack 2 at a stack exhaust velocity to windspeed ratio M of 1 and a stack 
height of O. 175H. 
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Plume Spread in cross stream direction measured over reference 
building for plume emitted from center stack 2 at a stack exhaust 
velocity to windspeed ratio M of 1 and a stack height of 0.29% 
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Figure 2.9 Dilutions over reference building for plume ernitted from stack 2 at six 
different values of stack exhaust velocity to windspeed ratio M and a 
short stack height of 0.175H. Theoretical curves are calculated using 
transitional rise model, 
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Figure 2.10 Dilutions over reference building for plume ernitted from stack 2 at six 
different values of stack exhaust velocity to windspeed ratio M short 
stack height of 0.175H. Theoretical curves are calculated using fmal 
nse model. Compare to Figure 2.7 showing transitional rise for the 
same situation to see the effectiveness of using the final nse model. 
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Figure 2.1 1 Dilutions over reference building for plume emitted from stack 2 at six 
different values of stack exhaust velocity to windspeed ratio M and a ta11 
stack height of 0.5H. Theoretical curves are calculated using 
transitional rise model. 
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Figure 2.12 Dilutions over reference building for plume emitted from stack 2 at six 
different stack exhaust velocity to windspeed M and a tall stack height 
of 0.W. Theoretical curves are calculated using fmai nse model. 
Compare to Figure 2.9 showing transitional nse for the same situation 
to see the effectiveness of using the final rise model. 
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Figure 2.13 Dilution contours over reference building for plume emitted from 
upwind stack 1 at a stack exhaust velocity to windspeed ratio M of 1 and 
a stack height of 0.175H. Compare to Figure 3.5 showing contours 
fiom center stack 2 to see the increased initial plume spread when 
emitting from stack 1. 
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Figure 2.14 Plume Spread in cross Stream direction measured over reference 
building for plume ernitted from upwind stack 1 at a stack exhaust 
velocity to windspeed ratio M of 1 and a stack height of 0.25H. Note 
increased spread near the front edge of the building. 
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Figure 2.15 Dilutions over reference building for plume emitted from stack 2 at six 
different values of stack exhaust velocity to approaching windspeed M 
and a short stack height of O.17SH. Theoretical curves are calculated 
using final nse mode1 without front edge correction. 
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Figure 2.16 Dilutions over reference building for plume emitted from stack 2 at six 
different values of stack exhaust velocity to approaching windspeed M 
and a short stack height of O. 175H. Theoreticai curves are calculated 
using fmai nse mode1 with front edge correction. Compare with 
Figure 2.13 to see improvement using front edge correction, particularly 
near the stack at low M. 
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Figure 2.17 Plume Spread in cross Stream direction measured over step across 
buildings for plume emitted from upwind stack 1 at a stack exhaust 
velocity to windspeed ratio M of 3 and a stack height of 0.25H. Note 
close match between plume spreads measured on reference building and 
step across buildings over the building roofs. 



Figure 2.18 Dilutions over emitting and adjacent buildings for sarne height roofs 
with emitting building upstream Plume emitted with stack exhaust to 
approaching fiow velocity ratio M of 1,3, and 8 from upstrearn stack 1 
with stack height of O.175H. Theoretical dilution curves cdculated with 
f ia i  rise mode1 used for reference building. Thick lines on the graph 
correspond to 5.OH wide buildings and the thin lines on the graph 
correspond to 2.5H wide buildings. 
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Figure 2.19 Dilutions over emitting and adjacent buildings for sarne height roofs 
with emitting building downstream. Plume emitted with stack exhaust 
velocity to windspeed ratio M of 1,3, and 8 frorn upstrearn stack 1 with 
stack height of 0.175H. Theoretical dilution curves calculated with 
final rise mode1 used for reference building. Thick lines on the graph 
correspond to 5.OH wide buildings and the thin lines on the graph 
correspond to 2.5H wide buildings. 
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INFLUENCE OF UPWND BUILDINGS ON GAS DISPERSION FROM 

ROOFTOP STACKS 

INTRODUCTION 

In Chapter 2 a gaussian model was developed to predict plume dispersion over 

same roof height buildings and isolated stacks with no buildings present. The object in 

this Chapter is to test the mode1 from Chapter 2 for cases where there is a taller building 

upwind of the building ernining an exhaust plume, and detennine necessary adjustments 

to the model for predict dilutions on the roof of the emitting building. 

Scale model atmospheric flow simulation were canied out for situations where a 

plume is emitted from a building downstream of a taller adjacent building. 

Measureme~ts of concentration of the downwind building roof were carried out using a 

laser induced fluorescence technique. A schematic of the water channel facility used to 

carry out the flow simulation is shown in Figure 3.1. Recirculating flow in the water 

channel passes through turbulence screens and then roughness elements that produce 

turbulence typical of at atmosphenc boundary layer. The flow then passes over the scale 

model buildings. Ruorescein tracer dye stored in a tank on the side of the water channel 

is pumped through a flexible tube and out through stacks on the model buildings to 

simulate exhaust stack release. Laser light were sheets located above the building roofs to 

create illuminate the tracer dye. Fluorescent light from the tracer dye intersecting the light 

sheet was detected with a video camera above the water channel. 

Figure 3.2 depicts the complicated revening trajectory of the plume. The stack 

exhaust is trapped inside the wake recirculation cavity behind the upwind adjacent 

building. Part of the plume is carrîed upstrearn h m  the stack back toward the downwind 

wall of the adjacent building and is mixed in the recirculation cavity before finally 



escaping downstream. 

The amount of exhaust gas trapped in this cavity will depend on stack location, 

stack height, stack exhaust momentum ratio, and the relative height difference and 

crosswind width of the buildings. The flow patterns in and around the wake are quite 

complex and significant simplifications will be made to produce a stack design-oriented 

model estimating dilution on the buildings. 

PROPOSED MODEL 

With an emitting building downwind of a tailer upwind adjacent building there are 

two different situations that must be simuiated by the theoretical model. The first deals 

with a plume that is fully trapped in the wake recirculation cavity behind the upwind 

adjacent building, as shown in Figure 3.3. The second deals with plumes that are able to 

fully escape the recirculation cavity, as shown in Figure 3.4. Both cases will assume a 

gaussian plume model of the fonn developed in Chapter 2. The equation for minimum 

dilution dong roof or ground level from Chapter 2 is 

In Equation (3. l ) ,  Q, is the volume flow rate at the stack, H is the reference building 

height, U, is the effective plume convection windspeed, WH is the windspeed at reference 

height H in the approaching flow. The plume height above the mass reflecting surface, 

either the roof or the ground is a combination of the stack height h, and is the plume rise 

Ah due to exhaust gas buoyancy or jet momentum. Plume spreads in the crosswind 

direction y and vertical direction z are a,. and q respective1 y. Several adjustments to 

Equation (3.1), described in the following section, are required to account for the 

presence of the upwind adjacent building. 



hoposed Mode1 With Wake Cavity Trapping 

When the plume is trapped inside the building wake recirculation zone, stack 

exhaust gases become mixed throughout the zone and concentrations appear upstream of 

the stack. To mode1 this, the virtual origin of the plume is moved from the stack location 

to the downwind wall of the adjacent building. The EPA wake dispersion mode1 uses a 

similar vimial origin displacement, see EPA (1 995). Mixing in the turbulent recirculation 

requires that the plume have a larger initial dilution q. Extra vertical plume spread AG. is 

dso  added. The final rise height of the plume is reduced to account for building wake 

downwash. 

If the initial location of the plume is within the cavity trapping zone as shown in 

Figure 3.3, then the origin is shifted to the downwind wall- of the upwind adjacent 

building. The dimensions of this recirculation cavity trapping zone were determined 

empirically by exarnining roof level dilution to see if exhaust had k e n  camied upwind. 

The height H,, and the length L,, where recirculation was observed to be present at 

roof level were roughly estirnated as, 

where R,,=H 67p-" for a ciifference in roof heights of AH and a building width Y that is 

greater than M. The height H,, and the length Lm, where determined by observing 

for which cases measurable dilutions were appearing upstrearn of the stack. If dilutions 

were present upstream of the stack, the plume was assumed to be trapped in the building 

recirculation cavity. The length of the cavity could be detemüned by observing which 



stack locations plumes could be trapped for each R,. The height of the cavity was 

estimated by identifying values of total plume height ht at which plumes would be 

trapped. 

The virtual origin of the plume is shifted if xdj in Figure 3.3 and 3.4 is less than 

2.0Rd and the final height h, of the plume above the emitting roof is less than 1 SR, . The 
undisturbed height hfof the plume is calculated as stack height h, plus final rnomenturn 

rise Ahw minus a correction for stack tip downwash Ah, so 

No building wake downwash is included in the undisturbed height h, From 

Briggs( 1975). the final rise height due to exhaust jet momentum Ahd is. 

where B, is the momentum rise constant. A rise constant of B3=3.0 was proposed by 

Briggs(1975) based on a survey of experimental data and was found to work well for the 

present study. 

Extra initial spread Aq,,, is added to plume spreads G,, and q . The proposed 

function for the extra initial spread AG,,, is 



Here the the extra initial spread AG,, is adjusted for the decreasing effect of the roof 

level change with distance by including an empirical cubic decay term. Extra vertical 

plume spread A%,, is also added to the vertical plume spread 

The crosswind spread a,. and plume convection speed LI, are assurned to be una!Tected 

by the building wake, so the plume convection velocity Uc is the windspeed U, at roof 

level in the approaching flow. In reality a,. increases and U, decreases but it is assurned 

that the product o,U, is the same so dilution LI,, is unaffected. The difference between 

final plume height h, and the adjacent height is ri-, . 

The height of the plume is shifted down to account for downwash behind the 

upwind building. The decrease in plume height &,, is 

Equations (3.7) and (3.8) use the cubic decay term in the dominator to ensure that the 

adjustment falls quickly to zero once the stack location is past Lw,. 

Proposed Mode1 Without Wake Cavity Trapping 

Figure 3.4 depicts the case where the plume is allowed to escape the cavity. The 

plume ongin is no longer moved to the downwind wall of the adjacent building, and the 



plume simply originates at the stack location. The presence of the wake still increases the 

initial dilution slightly through Ac,,. Small corrections were still added for plume 

downwash A z , , , ~  and increased vertical spread AG.,, -. but the adjustments are small 

because of the cubic decay t e m  in the denorninators of Equations (3.6). (3.7) and (3.8) 

WATER CHANNEL MEASUREMENTS 

Figure 3.5 depicts the different building configurations upon which measurements 

of dilution were made using laser Iight sheet illumination of fluorescent dye tracer, 

described Appendix B, for the case of a downwind emitting building with a taller upwind 

adjacent building. Adjacent building heights of 1.5H and 2.OH were used where H is the 

height of the emitting building. Tests were performed with and without a 1 .OH gap 

between the buildings. and with building widths of 2.5H and 5.OH were test for each of 

the four situations depicted in Figure 3.5. Plumes from one of three possible stacks 

numbered 1, 2, and 3 with stack 1 being the most upstrearn stack. AI1 the stacks were on 

the centerline of the building. 

In Figure 3.6 contours of constant dilution are shown for a plume emitted from 

stack 2. central stack, with a stack height of 0.25H (shon stack) with an exhaust 

momentum ratio M= 1. The plume is significantly wider upstream of the stack, showing 

where exhaust has been caught in the wake recirculation cavity. As the plume escapes 

downstream, the dilution remains relatively constant. 

NEW MODEL VS. SIMPLE GAUSSIAN MODEL 

Figure 3.7 shows dilution measurements for M = l .  3, and 8 over the roof of the 

emitting building with an adjacent building W high upstrearn and no gap between the 

buildings. The plume was ernitted from stack 1 (upstream stack) with a stack height of 

0.175H (short stack). Here one also sees relatively constant dilution with downwind 



distance. 

Solid symbols show dilutions over the 2.5H wide buildings and open symbols 

show dilutions over the 5.OH wide buildings. There is at most a factor of 2 and often less 

than 20% difference between dilution rneasured on the 2.5H and 5.OH wide buildings. 

Measured dilution is almost the same exhaust velocity to windspeed ratio. M=8. and is 

only slightly higher on the 5.OH width buildings for M= 1 and M=3 since the larger 

building wake will give a larger initial dilution. 

The lines from the theoretical model in Figure 3.7 were calculated using the 

simple gaussian plume model in Equation (3.1). The only adjustment made is to shift the 

origin back to the wall of the adjacent building. No other corrections were made to 

account for the presence of the adjacent building. This model that includes only a vimial 

origin shift does a very poor job of predicting dilutions. with erron of more than a factor 

of 10 in most cases. 

For the same data shown in Figure 3.7, the complete wake recirculation dispersion 

model is plotted in Figure 3.8 with al1 corrections for Aa,,,, AoL,,*, and applied. 

The new model does a much better job at predicting the rneasured dilutions. The 

predictions of the complete model were well within a factor of 2 of measurements, 

cornpared to Figure 3.7 where the predictions were over a factor of 10 in error. 

The complete model shown in Figure 3.8 also produces the correct trend in the 

data, with dilution king more or less constant over the roof with slight increases as one 

moved downstream. The relative effects of building width were also predicted well by 

the model. Both measurements and the mode1 show almost no difference between the 

predicted dilutions for the highest stack exhaust velocity to windspeed ratio, M=8. For 

M= l and M=3 the model predicts that single width buildings will have about a factor of 

1.5 to 2 less dilution than the 5.OH buildings, which is also what is observed from the 



data 

EFFECT OF STACK HEIGHT 

Figure 3.9 shows dilutions measured for the same situation as Figure 3.8 except 

that the stack height is hS=0.5H (tdl stack). Note that the data from Figure 3.8 and 3.9 

are very similar, indicating that even for the tail stack, the plume is caught in the wake 

recirculation zone. Once again the theoretical model does a good job of predicting the 

dilutions and relative effects of changing momentum ratio M. building width Y, and stack 

height h, . 

EWECT OF STACK POSITION 

To see what happens as the stack location is moved farther downstrearn, compare 

Figure 3.8 for plumes from a O. 175H high stack at location 1. Figure 3.10 that shows 

dilutions from plumes at stack 2 and Figure 3.1 1 that shows plumes from stack 3. At 

stack 2 the plume is still caught in the recirculation cavity for both building widths as low 

diltutions are appearing upstream of the stack, however, at M=8 the measured dilutions 

become larger as one moves upstream, indicating that some portion of the plume is 

beginning to escape without fint being carried upstream. At M= 1, there is not enough 

momentum for the plume to escape and low dilutions appear upstream of the stack. 

Dilutions around stack 2 are lower when the plume is emitted from stack 2 than when the 

plume is ernitted from stack 1. Around stack 2 the mean flow would be opposite the free 

Stream flow carrying the plume upstream of the stack ont0 the roof. At stack 1 the mean 

flow would be upward, carrying more stack exhaust away from the roof and giving higher 

dilutions than observed when the plume was emitted from stack 2. The theoreticai lines 

plotted in Figure 3.10 and 3.1 1 are identical. The theoretical model puts both stacks 

inside the wake recirculation cavity and moves the origin to the same position on the back 

wall of the adjacent building adding the sarne extra spread and downwash. No attempt is 



made to account for the effects of moving the stack around within the recirculation cavity 

since the interactions within the cavity are complex and this would required adding even 

more complication to the model. Mixing within the cavity removes most of the variation 

within the cavity. Measured dilutions differ by a factor of two when the stack is moved 

from position 1 to position 2, an effect not accounted for by the model. 

EFFECT OF BUILDING WIDTH 

When moving to the stack 3 in Figure 3.1 1, the data only shows concentrations 

appearing upstream of the stack only for the 5.OH wide buildings, or for the exhaust 

velocity to windspeed ratio M= 1 for the 2.5H wide buildings. This implies that for the 

2.5H wide buildings, the stack is at the edge of the recirculation cavity. A plume 

exhausting at M= 1 doesn't have enough momentum to completely escape the cavity, and 

a small portion of the plume is carried slightly upstream. For M=3 and M=8 the plume 

has enough rnomentum to completely escape the cavity. The 5.OH buildings have a larger 

wake recirculation cavity and some of the plume is trapped for d l  three M values. Being 

near the end of the cavity, however, some of the plume will escape before being mixed 

into the wake recirculation, especially for higher M values. The theoretical model 

predicts dilutions around the stack quite well, but underestimates the dilution more and 

more as one moves upstream. This occurs since the model assumes al1 of the plume 

becomes trapped and mixes in the wake recirculation whereas some of the plume actually 

escapes without being rnixed in the cavity. 

The model has no provision to account for fractional trapping of part of the 

exhaust mass flow. It simply assumes that if the stack is near enough to the adjacent 

building that some of the plume could be trapped, then al1 of the plume will be trapped. 

This means that for cases where part of the plume is escaping and part is trapped, the 

model will always underpredict dilutions upwind front from the ernining stack. It was 

accepted that the model will underpredict dilution and overpredict concentration in these 



cases rather then trying to simulate the complicated fluctuating flow near the downwind 

edge of the recirculation cavity. 

EFFECT OF A GAP 

To see the effect of a gap between the buildings compare Figure 3.12 to 

Figure 3.10. The spacing between stacks 1 and 2 is 1 .OH so that rernoving the gap 

between the buildings in Figure 3.10 puts stack 2 at the same distance from the downwind 

wall of the upwind adjacent building as stack 1 would have been if there was a gap width 

of H between the building. The proposed model makes no adjustment for the presence of 

the gap, so the theoretical model predicts the same dilutions relative to the stack locations 

in both Figures 3.1 O and 3.12. 

The gap must fil1 up with concentration and the arnount of concentration leaking 

into the gap is more or less equaled by concentration leaking back into the wake 

recirculation cavity. Some of the concentration must leak out the sides of the cavity 

reducing the concentration in the recirculation zone, and there are slightly higher dilutions 

shown downstream of the stack in Figure 3.12 where there is a gap between buildings. 

This is similar to the case shown in Figure 2.17 discussed in Chapter 2 where an increase 

in the crosswind spread a,. was observed in the gap between the buildings indicating that 

stack exhaust may be filling up in the gap and leaking out the sides. This is not a major 

effect and no effort is made to account for it in the model. Note that cornparisons should 

be only made between the dilutions downstream of the stack in each case. 

EFFECT OF ADJACENT BUILDING HEIGHT 

AI1 previous discussion has been for cases where the adjacent building height 

Hdj=W,  twice that of the ernitting building. The behavior of the model when the upwind 

adjacent building height H' 1.5H will now be examined. 



Figure 3.13 shows data from a short stack h,=O. 175H at stack position 1 with an 

adjacent building 1.5H high and no gap between the buildings. In this case the stack will 

still be caught in the recirculation cavity. The data shows the dilution to be relatively 

constant with distance, typical of mixing within a recirculation cavity. The theoretical 

model still does a good job of predicting the magnitude of the dilution and the relative 

effect of changing different parameters. The model is within at least a factor of 2 

everywhere, and within 20% in most places. The relative differences between dilution for 

M= l, 3, and 8 are the same as  those predicted by the model. There is only a small 

difference in dilution rneasurements for single and double width buildings and indeed the 

theoreticai mode1 predicts only a srnall dependence on building width. The theoretical 

model predicts slightly higher dilutions on the 2.5H wide buildings for exhaust velocity to 

windspeed ratios of M= I and M=3 and slightly lower dilutions on the 2.5H wide 

buildings for M=8 than is actually what is observed near the stacks. 

PLUME TRAPPING AND ESCAPE 

Figure 3.14 shows dilutions for a short stack hS=0.175H emitted from stack 

position 2 on the ernitting building with an 1.5H upwind adjacent with no gap between 

the buildings. Here the stack is near the edge of the wake recirculation cavity with some 

of the plume being trapped and some of the plume escaping. Near the downwind end of 

the building the theoreticai model does a reasonable job of predicting dilutions. but 

upwind of the stack the measured dilutions are consistently higher than the theoretical 

model predicts, since not al1 of the plume is being trapped in the wake recirculation cavity 

as is assumed by the theoretical model. 

Due to the complexity of flow patterns near the edge of the cavity, no attempt is 

made to model this situation where a fraction escapes. As for the 2H high adjacent 

building, when there is a chance of some plume trapping, the model assumes that al1 the 

plume is being trapped and thus underestimates the dilution upstream of the stack. Since 



the area near the edge of the recirculation cavity is a region of high uncertainty, it was 

accepted that the proposed model will be a conservative design tool for predicting 

dilutions upstream of the stack. 

It should be noted that for a exhaust velocity to wind speed ratio of M=8 on the 

single width buildings, the theoretical model predicts that the plume will escape the 

cavity and predicts no concentrations upstream of the stack and indeed this is what was 

observed. The model does a very good job of predicting concentrations downstream of 

the stack. 

CONCLUSIONS 

The gaussian plume spread model presented in Chapter 2 has been adapted for 

predicting dilutions on the roof of an emitting building when there is a taller emitting 

building present. The following modifications to the theoretical mode1 were required to 

account for the effect of the upwind building: 

additional initial plume spread 

additional vertical plume spread 

a decrease in the effective plume height caused by building wake downwash 

a shifi in the virtual origin of the plume back to the downwind wall of the 

upwind building if the plume was determined to be trapped in the building 

wake recirculation zone 

Based on dilution measurements over the emitting building roof, criteria were 

developed to determine for which values of stack location and undisturbed plume height 



that plume would be considered trapped in the building recirculation cavity. The 

theoretical mode1 predictions were within a factor of 2 of measured dilutions in most 

cases, 

Briggs, G.A. (1975) ""Diffusion estimation for small ernissions" in ERL, ARL, USAEC 
Report ATDL- 106. U.S. Atornic Energy Commission, Oak Ridge, Tennessee. 

EPA (1995) "SCREEN3 mode1 user's guide" U.S. Environmental Protection Agency, 
Research riangle Park, North Carolina, document EPA-454B-95-004. 



Figure 3.1 Schematic of water channel facility used for atmospheric flow 
simulation 







Proposed Model 
no wake cavity trapping 

cavity trapping zone 

plume trajectory downwash 
and increased vertical 
plume spread in wake7 

no shift in virtual origin if 
final rise origin falls outside 
wake cavity trapping zone 

Figure 3.4 Proposed mode1 for plume from a downwind emitting building where plume escapes 
wake cavity of upwind adjacent building 



Figure 3.5 Building configurations used to measure plume dispersion form a 
downwind ernitting building with a tailer upwind adjacent building 
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Dilution contours with plume emitted from stack 2 (central stack) on 
downwind building with M=5 and stack height hS=0.25H. 
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Figure 3.7 Mode1 for short stack (stack height hS=0.175H) , stack 1 (upwind stack), 
no gap with no conections for effects of the upwind building except a 
shift in the vimial origin to the downwind wall of the upwind adjacent 
building. 



Figure 3.8 Complete mode1 for short stack (stack height h,=O. 1793) , stack 1 
(upwind stack), no gap, with added initial spread A%,,, , added spread 
AG=,, . and building downwash kak, ail with downwind decay 
factors. Thick lines on the graph correspond to 5.OH wide buildings and 
the thin lines on the graph correspond to 2.5H wide buildings. 
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Complete mode1 for ta11 stack (stack height hs=0.5H) . stack 1 (upwind 
stack), no gap, with added initial spread A s ,  , added spread Aa,, , 
and building downwash L, al1 with downwind decay factors. Thick 
lines on the graph correspond to 5.OH wide buildings and the thin Iines 
on the graph correspond to 2.5H wide buildings. 
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Figure 3.10 Complete mode1 for short stack (stack height h,=O. 175H) , stack 2 
(central stack), no gap, with added initial spread ho,,, , added spread 
Aq, , and building downwash &, al1 with downwind decay 
factors. Thick lines on the graph correspond to 5.OH wide buildings and 
the thin lines on the graph correspond to 2.5H wide buildings. 
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Figure 3.1 1 Complete mode1 for short stack (stack height hS=0.175H) , stack 3 
(downwind stack), no gap, with added initiai spread Ao,,, , added 
spread Acrz,, , and building downwash k.  al1 with downwind 
decay factors. Thick lines on the graph correspond to 5.OH wide 
buildings and the thin lines on the graph correspond to 2.5H wide 
buildings. 
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Figure 3.12 Complete mode1 for short stack (stack height = 0.175H) , stack 1 
(upwind stack) and gap width H between buildings. Mode1 includes 
added initial spread Aa,, , added spread AD., , and building 
downwash & , al1 with downwind decay factors. Thick lines on the 
graph comspond to 5.OH wide buildings and the thin lines on the graph 
correspond to 2.5H wide buildings. 



Figure 3.13 Complete mode1 for shon stack (stack height hS=0.175H) , stack 1 
(upwind stack), no gap with adjacent building height 1 .W. Mode1 
includes added initial spread Aa,,, , added spreadda,,, , and 
building downwash kk , al1 with downwind decay factors. Thick 
lines on the graph correspond to 5.OH wide buildings and the thin lines 
on the graph correspond to 2.5H wide buildings. 
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Figure 3.14 Complete mode1 for short stack (stack height h,=O. 175H) , stack 2 
(central stack), no gap with adjacent building height 1SH. Mode1 
includes added initial spread Aq,, , added spread AG., , and 
building downwash & , al1 with downwind decay factors. Thick 
lines on the graph correspond to 5.OH wide buildings and the thin lines 
on the graph correspond to 2.5H wide buildings. 



CHAPTlER 4 

ESTIMATING WALL CONCENTRATIONS ON AN UPWIND ADJACENT 

BUILDING USLNG A MODlFlED ROOF LEVEL DILUTION THEORY 

INTRODUCTION 

Chapter 3 modified a theoretical model used to predict plume dispersion on the 

Bat-roofed buildings and from isolated stacks. The modifications allowed the model to 

predict dilutions on the roof of an ernitting building when there is a taller upwind adjacent 

building within a factor of 2 or better. The objective of this chapter is to assess the ability 

of this theoreticai model to predict plume dispersion on the wall of the upwind adjacent 

building. 

Figure 4.1 shows the building configurations used to measure and predict wall 

dilutions of a building with a lower emining building downwind. Measurements were 

made on the wall closest to the emitting building using a laser induced fluorescence 

technique in a water channel simulation. A schematic of the water channel facility used 

for the simulations is shown in Figure 4.2. Recirculating flow in the water channel passes 

through turbulence screens and then roughness elements that produce turbulence typical 

of at atrnospheric boundary layer. The flow then passes over the scale model buildings. 

Fluorescein tracer dye stored in a tank on the side of the water channel is pumped through 

a flexible tube and out through stacks on the model buildings to simulate exhaust stack 

release. Laser light sheets were located above the building roofs to create illuminate the 

tracer dye. Fluorescent light from the tracer dye intenecting the light sheet was detected 

with a video camera above the water channel. Plumes were emitted from one of three 

possible stacks numbered 1,2, and 3 as in Figure 4.1 .Al1 the stacks were on the 

centerline of the building. These are the same configurations used in Chapter 3 for roof 

level concentrations. The laser sheet lighting used to illuminate fluorescent dye tracer 

was placed on the back wall of the adjacent building, marked as the data plane in 



Figure 4.1. 

The actual behavior of a trapped plume is shown in Figure 4.3. The some stack 

exhaust is trapped inside the building recirculation cavity behind the upwind adjacent 

building and carried upstream from the stack back toward the downwind wall before 

finally escaping downstream. The theoretical model is shown schematically in Figure 4.5. 

The theoretical model shifts the virtual origin of the plume to the downwind wall of the 

upwind building. Extra initial spread and extra vertical spread are added to the plume to 

account mixing in the building recirculation cavity, and there is in the effective plume 

height to account for downwash in the building wake. 

DILUTION MEASUREMENTS IN WATER CHANNEL SIMULATIONS 

The experimental technique for measuring wall concentrations is described in 

Appendix B. Figure 4.4 shows the scale mode1 setup for an adjacent building upwind of 

a lower emitting building. The upwind adjacent building was consuucted with a 

transparent glass roof and a transparent glass wall on the side closest to the emitting 

building. The building contained a 45" rnirror that reflected light from dye in front of the 

glass wai1 up to a video camera looking down on the building. The laser light sheet was 

located 2mm (0.04H) in front of the glas wall to illuminate flourescent tracer dye. 

PROPOSED DISPERSION THEORY 

The theoretical model used for predicting dilution is the same one developed in 

Chapter 3 for an emitting building but now with a tailer upwind adjacent building. 

Chapter 3 considered separate cases where the plume was trapped in the buiiding 

recircuIation cavity and where the plume was able to escape the cavity . For dilutions on 

the back wall of the adjacent building, only the case where the plume is trapped is 

considered because, if most of the stack exhaust escapes the cavity, there will be no 



signifcant concentration on the wall and no model is required. 

In the proposed model the vimial origin is shifted to the downwind wall of the 

upwind building. The model also adds extra initial spread AG, caused by plume trapping, 

extra vertical spread in the wake AG,, , and a plume trajectory correction caused by 

building downwash A Z , , ~  . Appropriate hinctions for AG,, hoL,, , and && were 

given in Chapter 3. The total vertical spread used in the mode1 is then 

where 0" is the initial size without cavity trapping. There is no distance dependence of 

plume spread CL., since it is always evaluated at the vimial otigin of the plume. With 

undisturbed plume rise h, the effective plume height h,o, is 

The dilution D at any distance z' above the concentration reflecting surface can be 

found from 

In reality plume convection velocity Uc decreases and o,. increases in the wake but the 

product Up,, is assumed to remain constant in the building wake so that dilution can be 

calculated using the values of LI, = U, and a,. in the undisturbed plume. To obtain 

simple estimates of the dilution on the wall downwind wall of the upwind adjacent 

building, it was assumed a constant dilution existed over the wall. After trying several 

possibilities it was found that the best estimate for this average dilution was found by 



taking the average of the concentrations at emitting and adjacent roof level. The roof of 

the emitting building was used as the mass-reflecting surface. For the emitting building 

roof f=0,  the normaiized dilution at the emitting building roof height is, from 

Equation (4.3) 

At the adjacent building roof the distance above the reflecting surface z t = M  where AH 

is the difference in roof heights, the normalized dilution at the adjacent building roof 

height is 

U# ( ~ - h ) ~  (AH+ h)' 
ex( 2qH'ake , ) + .XP[ 20;& 7 ] 

Dilution is inversely proportional to concentration, so the average minimum dilution is 

The model assumes constant dilution with height z : using the dilution from 

Equation (4.6) as the dilution over the entire wall. This is sirilar to the model used in 

EPA (199%) for SCREEN3 assumes that the building recirculation cavity fills up 

unifody with some concentration. 



COMPARISON OF DILUTION DATA AND THEORETICAL MODEL 

Dilution measurements for an emitting building of reference height H downstream 

of a W high building with a gap H wide between the buildings are shown in Figure 4.6. 

The plume was emitted from a short stack h,=O. 175H at location 1 at six values of stack 

exhaust velocity to windspeed ratio M. The dilution decreases slightly with height for al1 

values of M. but rnixing in the recirculation cavity and the gap between the buildings 

produces a concentration profile that is more spatially uniform than would be seen in a 

gaussian plume. The slightly higher dilutions near gruund indicate that the plume is not 

able to rnix as easily down into the gap between buildings. 

The solid lines in Figure 4.6 show predictions from the theoretical model for dl  6 

values of stack exhaust velocity to windspeed ratio M. The theoretical model assumes a 

constant concentration over the wall and makes no attempt to model the complicated 

mixing in the building recirculation cavity and gap between buildings. The data in 

Figure 4.6 shows increased dilution near the ground indicating that in fact the plume was 

not able to mix thoroughly down to roof level in the gap. This leads to a moderate 

underprediction of the dilution and overprediction of concentration near the ground. 

The theoretical model also assumes that the entire exhaust is trapped and 

thoroughly rnixed in the recirculation cavity. For low values of stack exhaust to 

windspeed ratio M, the predictions are close to the measured values and indicates that the 

plume is mixed thoroughly within the building recirculation cavity. For higher values of 

M the model underpredicts the dilutions indicating that these plumes had enough 

momentum for some of the exhaust to escape the building recirculation cavity without 

being trapped, 



Effect of Stack Height 

Figure 4.7 shows dilution data for an emitting building of reference height H 

downstream of a 2H high building with a gap H wide between the buildings. This is the 

same situation as Figure 4.6 except that a taler stack was used in Figure 4.7. The data 

shows the same effects as for the shorter stack with increasing dilution near ground Ievel. 

Significantly higher dilutions are observed than predicted by the theoretical model for 

high values of exhaust velocity to windspeed ratio M. There is a small increase in 

dilution with the increase in stack height but this is not significant compared to the 

variation in dilution with M. The nominal values of the exhaust velocity to windspeed 

ratio M that are listed in Figure 4.7 are calculated using the windspeed in the approaching 

flow UH . In reality, the windspeeds in the cavity behind the building will be significantly 

slower than in the approaching Bow, leading to an increase in the effective value of M 

with increased plume rise and dilution. 

Effect of Gap 

Figure 4.8 shows dilution data for an emitting building of reference height H 

downstrearn of a 2H high building with a no gap between the buildings. The plume was 

emitted from a short stack hs=O. 17SH at location 1. This is the sarne situation as 

Figure 4.6 except that the gap between the buildings was removed. The dilution 

exhibited quite a large variation with height that was not seen when there was a gap 

present. Dilution increases significantly with height above the emitting building roof. 

The stack position was near the upwind edge of the building recirculation cavity where 

the actual flow speed will be much less than the undisturbed reference height windspeed 

II,. This allowed the plume to jet up to the top of the cavity where it cm become 

trapped near the edge of the adjacent building producing lower dilutions near the adjacent 

roof height. The current theoretical model is incapable of handling this, and instead 

assumes a constant dilution with height that still produces quite good predictions near the 



ernitting building roof but over predicts the dilution near the roof of the adjacent building. 

Effect of Stack Location 

Figure 4.9 shows the same situation as Figure 4.8 except the plume in now 

ernitted stack 2 instead of stack 1. The dilution in this case does not show the drastic 

decrease with height as seen for the plume emitted from stack 1 and instead shows 

relatively uniform concentration with height. Stack 2 near the downwind edge of the 

wake recirculation cavity appears to allow the plume to mix more uniformly inside the 

cavity. In this case, the assumption of constant concentration with roof height is 

reasonable. The theoreticai mode1 correctly predicts increasing dilution with increasing 

M but fails to produce the proper range of dilution values. 

Effect of Building Height 

AI1 previous cases have been for a adjacent building of height 2.OH . Figure 4.10 

shows data from a 1.5H upwind building with no gap between the buildings. Dilution has 

decreased with height above the roof, as was the case with a 2H tall adjacent building. but 

the effect was not as strong for the 1.5H adjacent building. The variation of measured 

dilution with M coven a larger range than the case of a W ta11 upwind building and this 

is indeed predicted by the theoretical model. However the model is only able to predict 

the correct effect of building height and does not predict the acnial range correctly. The 

predictions are close for lower values of M but still underpredict the dilution for high 

values of M. 

Figure 4.1 1 shows data for the stack at location 2 instead of location 1 for a 1.5H 

adjacent building with no gap between the buildings. The building recirculation cavity 

for a 1.5H tail adjacent building will be smaller than for a 2H building. The stack 

location in this case was near the downwind edge of the building recirculation cavity, 



most of the stack exhaust would have escaped trapping, especially for hi& values of M .  

As a result, the measured dilutions shown in Figure 4.1 1 were much larger than the 

predictions of the model that assumes that 100% of the exhaust is trapped in the building 

recirculation cavity. For plumes that are only partiai trapped, the model underpredicts the 

dilution by a factor of 10. The performance of the theoretical model is poor considering 

the roof level model was able to predict dilutions within a factor of 2, although the fact 

the model is aiways underpredicting dilution allows it to be used as a conservative 

estimate in the absence of better information. 

CONCLUSIONS 

Using the average of the concentration at emining and adjacent roof heights as the 

concentration on the back wall of an adjacent building upstream of a lower emitting 

building produces estimates that shows the correct relative effects of changing stack 

height h, , exhaust velocity to windspeed ratio M, and adjacent building height but with 

significant underpredictions of the dilutions. The theoretical model should only be used 

as an approximation as it in not able to fully simulate the complicated dispersion effects 

caused by the building recirculation cavity. This is consistent with Chapter 15 of the 

1997 ASHRAE handbook that recomrnends using gaussian dispersion theoretical model 

only to obtain relative effects of changing different parameters. 

ASHRAE. (1997) "Air flow around buildings", Chapter 15 in 1997 ASHRAE Handboak 
nf Fundament& American Society of Heating, Refrigerating and Air-Conditioning 
Engineea, Atlanta, Georgia. 

EPA (1995b) "SCREEN3 model user's guide" US. Environmental Protection Agency, 
Research Triangle Park, North Carolina, document EPA-454/B-95-004. 
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Building configurations used to investigate dilutions on downwind wdl 
of a building with a lower downwind emitting building. 
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Proposed mode1 to estimate dilutions on the downwind wall of the [aller upwind 
building. 
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Normalized dilutions on the downwind wall of W high building with 
the ernitting building downstrearn. The building were separated by a 
gap 1.OH wide. Stack height was h,=O. 175H at location 1 (upwind 
stack) with six different values of exhaust velocity to windspeed ratio 
M. The ratio M increases from left to right on the set of theoretical 
lines. 
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Figure 4.7 Normalized dilutions on the downwind wall of W high building with 
the emitting building downstream. The building were separated by a 
gap 1 .OH wide. Stack height was hS=0.5H at location 1 (upwind stack) 
with six different values of exhaust velocity to windspeed ratio M. The 
ratio M increases From left to right on the set of theoretical lines. 
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Figure 4.10 Normalized dilutions on the downwind wall of 1.5H high building with 
the emitting building downstream. There was no gap between the 
buildings. Stack height h,=O. 175H at location 1 (upwind stack) with six 
different values of exhaust velocity to windspeed ratio M. The ratio M 
increases from left to right on the set of theoreticai lines. 
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the emitting building downstrearn. There was no gap between the 
buildings. Stack height hS=0.175H at location 2 (central stack) with six 
different values of exhaust velocity to windspeed ratio M. The ratio M 
increases from left to right on the set of  theoretical lines. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Three papen have been presented that address plume dispersion around closely- 

spaced adjacent buildings. Scale model simulations of plume dispersion using a 

flourescent dye tracer technique provided data for analysis and cornparison with 

dispersion theory. The first paper considered two cases: plumes from stacks on flat 

roofed buildings and plumes from isolated stacks. The second paper considered dilutions 

on the roof of a building with exhaust stacks when a taller adjacent building is located 

upwind. The third paper considered dilutions on the wall of the taller upwind building 

with exhaust emitted from the downwind building. A gaussian dispersion model was 

developed to predict the measured dilutions in each of the three cases. 

GAUSSIAN PLUME MODEL FOR ISOLATED STACKS AND STACKS ON 

FLAT ROOFED BUILDINGS 

in the first paper, presented in Chapter 2, a final-rise gaussian plume model was 

developed for predicting plume dispersion for several building situations. These 

situations were: plumes emitted over long, flat roofed buildings; plumes emitted from a 

stack at ground level with no buildings present; plumes from an emitting building with an 

adjacent building of the same height downstream; and plumes from an emitting building 

with an adjacent building of the sarne height upstrearn. 

The following conciusions were reached: 

A gaussian model with the plume at final nse height everywhere with a limit 

on the arnount of dilution produced by plume height was suitable for 

predicting dilutions for al1 building situations investigated, and was shown to 

be more accurate and robust than a transitional gaussian plume model with 



distance-dependent rise. 

For plumes emitted near the leading edge of building roof, stack exhaust is 

uapped in a front edge recirculation cavity requiring the plume to be rnodeled 

by locating its virtual origin at the upwind edge of the building, and adding 

some extra initial spread. 

Measurements of crosswind plume spread validated the linear plume spread 

with distance modet, with the same spreading rate for a stack near ground 

level, a stack on the reference building and the step-across (sarne roof level) 

roof buildings with a gap between them. 

The gaussian plume model developed in Chapter 2 to predict dilutions for the 

simple cases of dispersion from isolated stacks and stacks on flat roofed buildings serves 

as a starting point when dealing with more complicated building configurations in 

subsequent chapters. 

ROOF LEVEL DILUTIONS WITH A LOWER EMITTING BUILDING 

DOWNVVIND 

The flow patterns in and around the building near-wake are quite complex, and 

significant simplifications were required to produce a stack design model for estimating 

dilution on the buildings. A dispersion mode1 was developed in Chapter 3 for cases 

where a plume is emitted from a stack on a building downwind of a taller adjacent 

building upwind. 

The measurements showed that: 

The amount of exhaust gas trapped in the recirculation cavity behind the 



upstream building depends on stack location. stack height, stack exhaust 

momentum ratio. and the relative height ciifference and crosswind width of the 

buildings. 

For plumes whose height falls within an empirically-detemined wake cavity 

trapping zone . part of the plume is carried upstream from the stack back 

toward the downwind wall of the adjacent building and is rnixed in the 

recirculation cavity before finally escaping downstream. The plume 

dispersion can be simulated by shifting the virtual origin of the plume to the 

back wall of the upwind building to produce recirculation cavity 

concentrations upwind of the stack. 

, The dispersion model should also include extra initial dilution, added vertical 

spread and a decrease in plume height caused by building downwash. 

Plumes that are not trapped in the wake should be given some extra initial 

dilution, added vertical spread and building downwash, with no shift in the 

virtual origin, because no concentration should appear upwind of the stack. 

The dispersion model gives estimates within a factor of two for the measured 

dilution when the plume is fully trapped in the flow recirculation cavity or 

fully escapes. The proposed modei assumes al1 plume matenal is trapped in 

the near-wake recirculation cavity. When the plume is near the downwind 

edge of the cavity, with some concentration trapped and some escaping, the 

proposed model underpredicts dilution (overpredicts concentration) and so is 

conservative for stack design. 



WALL DILUTIONS WITH LOWER EMITLNG BUILDING DOFVNWND 

Chapter 3 proposed a theoretical model to predict dilutions on the roof of an 

emitting building when there is a taller upwind adjacent building. The gaussian model 

used taller adjacent upwind building in Chapter 3 was extended in Chapter 4 to predict 

dilutions on the wall of the adjacent building. To adapt the roof level model to the wall, 

the average of the concentration at emitting and adjacent roof levels predicted by the 

gaussian mode1 was used to approximate the concentration that existed at dl heights on 

the downwind wall of the adjacent building. This simple approach was shown to produce 

the correct relative effects of changing stack height, exhaust velocity to windspeed ratio 

and adjacent building height, but produced only a rough estimate of actual exhaust to 

receptor dilution factors that existed on the wall when a high stack or high exhaust 

velocity allowed part of the plume to escape theflow recirculation cavity. 

DIRECTIONS FOR FUTURE RESEARCH 

There are several ways future research could be directed in order to extend the 

understanding of flow around buildings. Some of the more important areas left 

unaddressed in the current study are: 

The current study only dealt with wind directions normal to a building wall. 

Future research could consider flow at other angles to the buildings as it is 

expected that flow at angles other the 90" will produce roof edge vortices that 

can affect the flow. 

The buildings investigated in the current study had width greater than height, 

forcing most of the exhaust plume over the roofs of the buildings. If the 

adjacent building was a high-rise had greater height than width, the rnajority 

of the plume would pass around the sides creating different flow patterns than 



in the cumnt  study. The next logical step would be reverse the aspect ratio 

and measure dilution over hi&-rise buildings with height 2.5 tirnes the width 

and 5.0 times the width to the determine if theoretical model from the current 

study is applicable to buildings with height greater than width. 

The maximum spacing between buildings in the current study was one 

emitting building height In order to determine how far downstream upwind 

buildings affect the flow, tests are needed with greater spacings between the 

buildings. 

Al1 buildings in the current study were simple rectangular blocks. Tests of 

more complicated building shapes are needed to determine the sensitivity of 

dilution patterns to changes in building configuration. 

Tests should be made with buoyant plumes with the exhaust is at a lower 

density than the air to observe how the additional plume rise from buoyancy 

affects dilutions. In the current study, the density of the exhaust and arnbient 

fluid were always the same. The ratio of stack exhaust velocity to windspeed 

used in the laboratory produced results that were applicable to and 

combination of exhaust velocity and windspeed that produced the sarne ratio. 

For buoyant plumes each combination of windspeed, exhaust velocity and 

fluid densities would correspond to only one hiIl scale condition and a more 

extensive series of tests would be required. 

The theoretical model developed in Chapter 3 used for predicating roof level 

dilutions on an emitting building with a taller upwind adjacent building 

underpredicts dilutions when applied to the wall on the upwind building as 

shown in Chapter 4. This failure is Iikely due to the fact that the theoretical 

model assumes that the plume is either completely trapped or completely 



escapes the building recirculation zone. Improvements to the mode1 should be 

made to account for the fraction of the plume that escapes the building 

recirculation cavity and is not present on the downwind wall of the adjacent 

building. 



APPENDIX A 

BUILDING CONFIGURATIONS 

Except for the reference building case, al1 configurations in the current study 

involve two neighboring buildings. The building with three exhaust stacks is referred to 

as the emitting building and the other building as the adjacent building. These 

configurations are categorized according to whether the emitting building is upstream or 

downstream of the adjacent building and according to the relative heights of the two 

buildings. Step-down refers to cases where the downstream building roof height is lower 

then the upstream building, step-up refers to cases where the downstrearn building roof 

height is higher than the upstream building, and step-across refea to cases where there is 

no change in roof height between the two buildings. This leads to the six different groups 

of building configurations. For each combination of ernitting building upstream or 

emitting building downstream, and step-up, step-down, or step across, there were two 

possible spacings between the buildings: no spacing, or a gap of 1 .OH. 

The reference building is a building with a long flat roof with three stacks located 

toward the upwind end of the roof. The reference building serves as a standard of 

comparison for the other building configurations. The reference building height H was 

chosen as a convenient Iength scale, and other dimensions are referred to in terms of the 

reference height H. In the present study the reference building H=2" (50.8mm) equal to 

about 40' in the full scde for a scale ratio of 240: 1. 

Al1 emitting buildings were of height H, the same as the reference building. 

There were four different heights of adjacent building: OSH, 1 .OH, 1 SH, and 2.OH. A11 

ernitting and adjacent buildings had a length (in the flow direction) of 2.5H except for the 

reference building that had a length of 12.5H. Other than the reference building, each of 

the building configurations shown in Figure A. 1 were tested in single-width and double- 

width combinations. For single width combinations the width (in the crosswind 



direction) of 2SH,  equal to the building width. For double-width combinations, the 

width of the buildings was equal to 5.OH or twice the building length. In total this leads 

to 33 different building configurations for roof level measurements, although not al1 

configurations are discussed in this thesis. 

The building configurations addressed in Chapter 2 are shown in Figure A. 1. Al1 

these configurations involve no change in roof height. Chapter 2 also addresses the case 

of a plume ernitted from an isolated stack with no buildings present. Figure A.2 shows 

the building configurations dicussed by Chapter3. AI1 these configurations involve an 

emitting building downstream of a taller adjacent building. 

In addition to roof level dilution measurements, wall dilutions were investigated 

for several scenarios. Concentrations were measured on the downwind wdI  of an 

adjacent building when the emitùng building when the emitting building was 

downstream, of the upwind wall of the adjacent building was upstream. These are the 

walls of the adjacent building upon which the largest concentrations would be seen. 

Building configurations show in Figure A.3 for wall concentrations have the sarne 

dimensions as the corresponding configurations in Figure A. 1 for roof level 

measurements with emitting buildings 1 .OH and adjacent buildings 1 .OH, 1 SH, 2.OH 

high. Chapter 4 of this thesis discusses dilutions on the wall of a taller upwind building. 

The building configurations used in this chapter are shown in Figure A.3 

For each of the building geometries discussed above, there were three different 

possible stack location, three different stack heights and six values of exhaust velocity to 

windspeed ratio M. The three stacks were located dong the centerline of the emitting 

building, at distances of 0.25H, 1.25H, and 2.25H, from the upstream edge of the 

emitting building. Each stack was constructed as a force fit allowing for easy height 

adjustment. The three stack heights used in the expriment were O. 175H, 0.25H' and 

0.5H. The stack height of O. 175H corresponds to a height of 7' in the full scale, that is the 



height many stacks are built to meet the minimum requirement of the fire code. The six 

different values of exhaust velocity to windspeed ratio M were 1, 15.2,3,5, and 8. In 

total this led to 54 different combinations of stack height, stack location, and stack 

exhaust velocity to windspeed ratio M for each building geometry. 



Figure A. 1 

I 1 

reference 

Building configurations used to measure dilutions with same roof height 
buildings. These configurations are discussed in Chapter 2. 



Figure A.2 Building configurations used to mesure roof level dihtions in near- 
wake of a tdler upwind building. These configurations are discussed in 
Chapter 3. 
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Figure A.3 Building configurations used to measure concentrations on the wail of a 
taller upwind building. The dotted Iine shows the data plane upon 
which concentration measurements were made. These configurations 
discussed in Chapter 4. 



APPENDIX B 

MEASUREMENT OF PLUME DISPERSION AROUND MODEL BUXLDWGS 

USING LASER INDUCED FLUORESCENCIE 

INTRODUCTION 

The objective of the present study was to determine the effect of an adjacent 

building on the dispersion of a plume ernitted from a neighboring building. To this end, 

scale model buildings were constructed to be used in a water channel simulation of the 

dispersion process. Flourescent tracer dye illuminated by laser light sheets was used to 

track the dispersion of the plume over the roofs of these buildings. 

To record video images, a black and white Hitachi KP-MI CCD camera was 

placed roughly 1 m above the water surface overlooking the model buildings. Output 

from this camera was shown to be linear with light intensity (See Appendix F). The 

carnera array was 640 by 480 pixels. Ten frames a second were grabbed from the camera 

ont0 computer by a Matrox Pulsar Board that digitized each pixel output to a value from 

O to 1023. 

LASER INDUCED FLUORESCENCE 

Disodium Fluorescein was used as dye tracer used in the water channel 

experiments. This flourescent dye was emitted out of the model stacks to simulate the 

plume. A 4 Watt argon-ion laser was used to illuminate the flourescent dye. When the 

dye molecules pass through the laser light sheet. the dye fluoresces and the resulting 

fluorescent light is detected with the video camera. 

For measuring concentrations near the roof level of the emitting and adjacent 

buildings, two laser light sheets were placed 2rnm above the roofs of the two buildings. 



For cases where the emitting and adjacent buildings had different roof heights. one light 

sheet was placed at each roof level. The laser intensity decreases as one rnoves away 

from the center of the beam. so the brightest part of the each beam was placed near the 

center of the building roof. The edges of the light sheet were masked to prevent the edges 

from king present over the other light sheet at a different height. For cases where there 

was no difference in roof heights between the two buildings, the two light sheets were 

overlapped. This produced better light sheet uniformity. 

For measuring concentration on the wall of an adjacent building, mode1 buildings 

were constnicted with internally mounted 45' rnirrors. The wall of the adjacent building 

closest to the emitting building and the portion of the roof above the mirror were 

constnicted of glass. A single laser light sheet was placed 2mm in front of the glas  wall. 

This allows fluorescent light created by tracer dye passing through the laser light sheet to 

be reflected to the video camera above the water channel. 

Dye tracer 

Disodium Fiuorescein dye was used as a tracer to simulate stack exhaust k ing  

dispersed on the adjacent and ernitting buildings. The fluorescent dye was stored in a 75L 

tank connected to a pressure line. Flexible tubing carried the dye mixture from the tank 

through one of five rotameters to control the flow rate. The dye was then c h e d  from the 

rotarneter through flexible tubing undemeath the base plates in the water channel to the 

stacks. Details of rotarneter calibrations and settings can be found in Appendix C. 

The fluorescent dye absorbs laser light most effectively at wavelengths around 

488nm, and peak emission is around 5 l5nm. This difference in emission and absorption 

wavelengths, allowed a band pass filter to be placed over the camera lens that passed light 

near the emission wavelength and blocked light near the absorption or laser wavelength, 

thus ailowing the camera to see only flourescent light from the dye tracer and not see 



reflected light from the laser. Noise is reduced by filtering out laser light reflected from 

micro bubbles in the water and other surfaces. 

Temperature and pH Sensitivity 

Ruorescein dye has the advantage of being relatively insensitive to temperature. 

Waiker(1987) shows the variation of fluorescent intensity to be 0.3% per degree K. The 

dye has been shown, however ,to be sensitive to pH changes when the value of pH is 

below about 7.5. Carrying out a calibration before each set of nins accounts for possible 

day to day variations in pH level of the water. Values of pH measured in the water were 

typically around 8.0. 

EXPONENTIAL DECAY OF BEAM INTENSITY 

If the intensity of a coherent beam of laser light is 1, , the decrease dl, is its 

intensity over a distance dy dong the beam path is 

where C(y) is the concentration at point y and E is the extinction coefficient. Integrating 

dong the path length from O to a point y gives 

Io is the intensity of the beam at y=O. For the case where the concentration is uniform 

with y, Equation (B.2) becomes 



where Ay is the distance traveled by the beam through a region of constant concentration 

C. The intensity of fluorescent light Ig received at a particular pixel i j  in the camera is 

proportional to the incident intensity I, at that point given by Equation (B.3), the 

quantum yield due to fluorescence cp, the extinction coefficient e, the distance dong the 

volume of space covered by the laser light sheet that is detected by pixel ij and the 

fraction F of the available light from this volume that is achidly captured by pixel ij, and 

the concentration C(y) at position y, so that 

The quantum yield due to fluorescence cp is the fmction of laser light captured by the dye 

molecules that actuaIly results in the ernission of fluorescent light, see Guilbault (1973). 

For the fluorescein dye tracer used in the present study, the value of the 

attenuation coefficient e was determined expenmentally. The decay in fluorescent light 

intensity as a laser Iight sheet passed through a region of constant dye concentration in a 

tank was measured. An exponential function was fit to the decaying light intensity io 

determine the attenuation coefficient e. The value of the attenuation coefficient was 

found to be dependent on concentration. The variation of the attenuation coefficient e 

couid be described by the equation 

where concentration C is in m a  and the attenuation coefficient e is in [mg/L]'l[mrn]-'. 

Equation B.5 was used over a range of concentrations from O. lm@ to 1OmgL. For the 

concentration Cd=0.04mg/L used to calibrate the system, this gives a value of e = 0.024 

[mg/L]~'[rnm]'l. In determining the attenuation coefficient E, no correction was made for 

the fact the beam sheet was diverging at an angle of IO0.  Equation B.5 thus accounts for 



the decrease in laser Iight intensity due to attenuation and bearn divergence. 

ATTENUATION IN CALIBRATION BOX 

The video imaging system was cdibrated by placing a box constxucted of glass 

and polycarbonate with an open top and bottom into the water channel and filling it with 

a known concentration of fluorescein dye. Figure B.1 shows a schematic of the 

arrangement of the calibration box. Before placing any dye in the box. 100 frames are 

taken to get a background image. Images were then taken at concentrations of 0.0lmgIL 

and O.û4mg/L. At these concentrations the attenuation is non-negligible over the path 

length of the beam through the box. 

For each pixel in the carnera a gain is cdculated that is know concentration Cd 

divided by the intensity of the fluorescent light detected at that pixel I,  divided by a 

correction factor for attenuation Ai . The attenuation correction factor A, accounts for the 

fact that the intensity of the light beam IG point ij is has k e n  attenuated by passing 

through regions of concentration Cd .The intensity I, is less then the intensity would have 

been if the light sheet had not k e n  attenuated before arriving at point i j  that would be the 

case when observing actual plumes. 

If the intensity at a point ij without attenuation would have been I,, then from 

Equation (B.3) the ratio observed intensity I,  to Io,, is 

In Equation (B.6) Cd is the known concentration in the calibration box, and Ay, is the 

normal distance from the edge of the calibration box to the point in question (see 

Figure B. 1). The gain Gu factor for each point is then 



Attenuation of the flourescent light is negligible as it passed through the water. 

The flourescent light is at a different wavelength than the laser light and is not absorbed 

by the dye. Experiments conFinned that this was the case (See Appendix D) 

DATA ANALYSIS 

For each combination of stack position, stack height and momentum ratio, 1Oûû 

frames were taken at 10 frames a second for a 100 second average. Before the nin a 100 

Frame (10 second) background was taken. For each run, the average background image 

was subtracted from the 1Oûû frame plume image to get the average intensity above 

background at each of the 307200 pixels in the frame. The gain factors were then used to 

calculate the concentration at each point as 

From this the dilution D was calculated: 

A non dimensional dilution was then calculated 

where Q, is the volume flow rate at the source, LI, is the velocity in the approaching flow 

at ernitting roof height H, and H is the height of the emitting building. 

Of particular interest is the minimum dilution or maximum centerline 



concentration dong the roof or wall of the building. Concentration at each downstrearn 

position x' was found by taking the average at each point of the concentration at that 

point and two points on each side. The highest of these averages was taken as the 

maximum roof level concentration Cr This five pixel smoothing was used to eliminate 

unreasonably high estimates of the concentration due to random variations from point to 

point. The maximum roof level was then used to find the minimum dilution D,, and 

normalized minimum dilution D, Q j ~ ,  H '. 

CONCLUSIONS 

A reliable method for measuring concentrations on a building surface was 

developed for water channel simulation using a laser induced fluorescence technique. 

This technique not only provided flow visualization but an quantitative measure of 

concentrations at a large number of points over the building surface. 
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APPErnrX C 

FLOW RATES AND ROTAMETER CALIBUTION 

Stack exhaust flow rates for the water channel building models used in the present 

study were regulated by a control panel containhg 5 rotameters and 9 toggle valves. 

Each of the 9 toggle valves was in senes with a fine adjustment valve. Fiow through each 

of the toggle valves was adjusted before any experiment to the proper flow rate so that 

during any experiment, the correct flows were available and could be changed by simply 

opening and closing the toggle valves. This eliminated the need to find the correct setting 

on the rotameter each time the flow was changed. 

Fluorescein tracer dye was stored in a tank with a volume of approximately 75 

Litres. Air above the dye mixture in the tank was pressurized by connecting a valve on 

the top of the tank to a pressure line maintained at around 30 psi. The pressurized air 

forced the tracer dye out of the tank through an opening at the base to a hose leading to 

the control panel. The flow passed into a manifold on the front of the control panel that 

had outlets to 9 toggle valves. Each toggle valve was in series with a fine adjustment 

valve. Flow proceeded through the toggle valve and fine adjustment valve to one of five 

rotameters. Some of the rotameten were connected to more than one toggle valve. 

Outlets fiom the rotameten led to a second manifold on the back of the control panel. 

The outlet from the manifold led to a four way valve that dlowed selection of one of 

three possible stacks or a drain line. Flow was carried to the stack through flexible rubber 

hoses that ran dong the inside edge of the water channel and under the base plates at 

bottom of the water channel. A hole in the base plates undemeath the emitting building 

allowed the three hoses to be connected the stacks in the mode1 emitting building. 



To calibrate each of the 5 rotameters, a beaker was placed on a weight scale. 

Fiow from the drain line was ejected into the beaker and the time taken to fil1 the beaker 

with a particula. volume of water was rneasured. Readings were taken at a number a 

setungs over the range of each rotarneter. Figures C. 1 toC.5 show plots of the calibration 

points for each of the five rotameters. A second order polynornial was fitted through the 

calibration points for each of the rotametea. These polynomial functions were then used 

to find the required rotameter sening for a given flow rate in subsequent expenments. 

Listed below are the calibration functions for each rotameter dong with the rotameter 

type for each tube. X,, is the setting on the rotameter setting and Q, is the rotarneter 

flow rate in mUsecond. 

Tube 1 : Brooks R 6- 15 A: 

Tube 2: Matheson 603: 

Tube 3: Matheson 603: 

Tube 4: Brooks R 2-15 B 

Tube 5: Brooks R 2-15 A 

Equations (C. 1) to (CS) were used to find the appropriate rotameter setting for a 

given flow rate. The flow rates were calculated to give a chosen range of values of stack 

exhaust velocity to windspeed ratio M defined as 



where W, is the mean stack exhaust velocity and U, is the windspeed at the reference 

height H in the undisturbed approach flow. The reference height H is the height is the 

height of the reference building and is used to non-dimensionalize dilutions in the present 

snidy. p, is the density of the stack exhaust, and p, is the density of the approaching flow. 

For al1 cases in the current study the density of the exhaust gas and the approaching flow 

were equal so that for the laboratory simulations. The factor =Ln=& is used to correct 

the laminar velocity profiles in the laboratory to the correct hiIl scale turbulent value. see 

Johnston and Wilson (1996). so for the cumnt study 

The mean exit velocity We is the volume flow rate from the stack Q, divided by 

the area so 

where d is the inside diameter of the stack. Inserting this into Equation (C.7) and solving 

for the volume flow rate gives 

A laser doppler anemometer was used to mesure the velocity profile in the water 

channel. The measurements were with no buildings present to find the velocity profile 

when undisturbed by the presence of any buildings. The measurements were made on the 

centerline of the water channel at a point 4 inches downstream from the end of the 



roughness elements used to generate the correct turbulence in the flow. The velocity U in 

the approaching flow as a function of height z above the position of the bottom of the 

water channel was found to be 

U = 62.6 z"-26 (C. 1 O) 

for velocity U in d s e c  and z in mm. For the velocity LI, at reference height 

H=50.8mm, Equation (C. 10) gives the velocity CI, = 1 7 4 d s e c .  Using this in 

Equation (C.9), dong with d=O. 1" (2.54mm) and %=2 the stack exhaust flow rate Q, in 

musec in terms of the exhaust velocity to windspeed ratio M is 

Q, = 0.6245 M [mUsec] (C. 1 1) 

Most expenments in the current snidy were performed using performing windspeed ratios 

of M = 1. 1.5, 2, 3,5, and 8. For each value of the velocity ratio M the required flow rate 

was calculated from Equation (C. 1 1) and an appropriate rotameter was chosen. The 

correct setting for each rotameter was calculated from the polynornial fit for that 

rotameter, see Equations (C. 1) to (CS). Table C. 1 gives a summary of the rotameters 

and settings used. 

Table C.1 Rotameter Flow Rates and Settîngs 

1 .S 1 0.9368 1 Tube 3: 603 1 46 

A4 

1 

2 1 1.2490 1 Tube 2: 603 1 65 

3 1 1.8736 1 Tube 2: 603 1 113.5 

Qs [ w s e c l  

0.6245 

5 1 3.1227 1 Tube 1: R615A 1 3.65 
8 1 4.9963 1 Tube 1 : R6 15A 1 5.65 

Rotameter 

Tube 4: R2 1 5B 

Settinq 

9.15 
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Tube 4: Brooks Tube Size R-2-15-B 

O 2 4 6 8 10 12 14 
X, Rotameter Setting 

Figure C.4 Calibration curve for rotameter tube 4 



O 2 4 6 8 10 12 14 

xm Rotameter Setting 

Figure CS Calibration curve for rotameter tube 5 



APPENDLX D 

ATTENUATION OF DYE FLUORESCENCE LIGHT 

INTRODUCTION 

Flourescent light ernitted from dye passing through a laser light sheet had to 

travel frorn the point at which the dye intersected the light sheet up through the water in 

the channel above that point to the camera above. If the water through which the light 

traveled also contained significant concentrations of dye then there was the potential 

problem that the flourescent light could be attenuated traveling between the laser sheet 

and the camera. In this appendix it will be shown that the atienuation of fluorescent light 

traveling the concentrations of tracer dye was negligible and did not need to be accounted 

for in the experiments. 

PEAK ABSORPTION ANID PEAK EMISSION 

Light in laser sheets is absorbed by the flourescent dye molecules and re-emitted 

at a lower frequency. Al1 the experiments for this thesis used Disodium Ruorescein as the 

tracer dye. The peak absorption for fluorescein is at a wavelength of 1, = 488nm. The 

peak emission is at a wavelength of = 5 15nm. The laser was operated in multiline 

mode meaning that a range of wavelengths were emitted from the laser although only 

wavelengths around 488nm would be effectively absorbed by the dye. The fluorescence 

is at a lower wavelength of 5 15nm that is not effectively absorbed other dye molecules in 

the water over the 350 mm path length through which the light travels. 

Experiments were performed to verio that indeed the fluorescent light was not 

reabsorbed by dye in the channel. A transparent bottie of dye was fixed in a position on 

the bottom of the water channel. A laser sheet was shone in the side of the bottle to 

illuminate the dye with large glass tank was placed above the bottie. The amount of dye 



in the tank was raised in increments to observe the effect of the dye on the Iight reaching 

the camem. Figure D. 1 shows the light intensity in counts detected by the camera as the 

amount of dye in the tank is increased. One can see that there is a negligible decrease in 

the Iight intensity detected by the carnera, and from thïs it was concluded that the 

fluorescent light it not significantly affected by the concentration of dye through which it 

passes. 



0.00 0.05 0.1 0 0.1 5 0.20 0.25 
Concentration of Fluorescent Dye in Tank [mglL] 

Figure D. 1 Change in light intensity with increasing concentrations of fluorescent 
dye in tank above laser light sheet 



APPENDPX E 

LASER LIGHT ATTENUATION TEROUGH A PLUME 

INTRODUCTION 

As a coherent beam of laser light travels through a concentration of fluorescein 

dye, the intensity of the beam gradually decreases as photons are absorbed by the dye 

particles. The attenuation of the beam at a certain point depends upon the concentration 

profile over the entire path length up to that point. For a plume with a highly intermittent 

concentration profile, correcting for laser beam attenuation would be very dificult as it 

would require knowledge of the concentration profile at each point in time. The 

experiments were arranged therefore, so that the concentrations in the plume would never 

be large enough to cause significant attenuation. 

Negligible attenuation through the plume was arranged for al1 experimenü by 

fixing the source concentration. To estimate the attenuation through a plume, consider a 

source of diameter ds emitting at a uniform concentration Cs . The size of the plume 

grows roughly in proportion to downstream distance from the stack x' .  

Mass conservation then requires that the concentration C, a downwind position 

obey the relation: 



For a coherent beam of laser light, the decay of beam intensity I, goes like 

where Io is the initial intensity of the beam at y=O, see Appendix B. The attenuation will 

be negligible if the integral of concentration with distance is less than some critical value: 

The critical value will depend on what maximum acceptable concentration across the 

plume is required. For a uniform concentration Cs at the source, the integral on 

concentration across the source diameter is 

Then at the any downstream position x: 

from Equation (E.2 ) 

Since d,, is always larger that d, . from Equation (E. 1) then 



Then if CP, c crit then Cgp,, c crit, then by fixing the value of Cs so that there is 

negligible at the source then this ensures that there is negligible attenuation at al1 

downstream locations. 

In the current study the source concentration was fixed ai 4mgL The diameter of 

the source was 0.1 "=2.54mm. At this concentration the attenuation coefficient cdculated 

from Equation B.5 was ~=0.0055[mg/L]~'[rnm]~~ . This gives an attenuation of 

or 5% attenuation across the source which was determined to be acceptable. At al1 

downstream positions the attenuation wiII be less than 5%. 



APPENDIX F 

VIDE0 CAMERA LINEARITY 

Test were performed to determine whether or not camera response was linear with 

dye tracer concentration, since carnera linearity greatiy simplifies calibration. As well, 

tests were performed to determine the resolution of the camera. 

CAMERA LINEARITY 

Clear bottles of fluorescein dye placed on the bottom of the water channel and 

were illuminated by laser light sheet The bottles contained know concentrations of dye 

ranging from 5 mg/L to 0.00390625rng/L,, about a 250: 1 range. Each bottie of dye was 

placed in an identical location and the observed average intensity from a 10 by 10 area of 

pixels in the camera was recorded. Figure F. 1 shows a plot of carnera intensity vs. 

concentration. The data is plotted on a log-log scale because concentrations varied over 

several orders of magnitude. Linearly related data should fa11 paralle1 to a 45" line on the 

log-log scaie. For the most part the data does display this trend indicating that the camera 

response can be considered linear over the range of concentrations shown. At higher 

values of concentration, some of the data show lower concentrations than would be 

expected from a linear relationship. This can be attributed to the fact that, at higher 

concentrations, the laser light sheet is attenuated by the dye in the calibration bottle. The 

decrease in observed intensity is due to a decrease in the intensity of the laser light sheet 

intensity and not a decrease in camera response. 

CAMERA RESOLUTION 

Output from the camera is digitized to a value between O and 1023. Since output 



of the camera was shown to be linear with light intensity and the intensity of light emitted 

from the fluorescent dye was shown to Vary linear with light intensity, calibrations of 

camera output could done using a single known concentration. For the present study, al1 

calibrations were done using a calibration concentration of 0.04 mg/L. The source 

concentration for al1 of the experiments was 4 mgL so that al1 calibrations were done at a 

diIution of 100: 1. 

For a typicai calibration the camera output for a concentration of 0.04 mg/L was 

roughly 250 counts depending on what region of the laser light sheet was king viewed by 

the carnem This gives a sensitivity of 0.00016 mg/L per count. This means the system 

could detect dilutions between 25: 1 and 25000: 1. 

To estimate the amount of noise in the system the intensity of a point in the 

cdibtation box was collected 50 times. The concentration in the calibration box and the 

laser power remained constant so that the light intensity should have remained constant. 

From the 50 separated readings, the standard deviation in the rneasurements was 

determined to be I5 counts. During the actual experiments the reading were averaged 

over 1000 frames. Since the error is inversely proportional to the square root of the 

number of counts 0, the error for 1ûûû frames works out to 21.1 18 counts, roughly a 

dilution of 2236 1 : 1 



Figure F. 1 Intensity observed in the camera with increasing concentration showing 
camera linearity. Linear functions are parallel to the 45" on the center 
of the graph. Different sets of data were taken with different camera f 
stop settings on the camera. The set marked "dirn f 1.8" was done with 
of laser light sheet of lower intensity than the other cases. 



AF'PENDIX G 

DATA ANALYSIS PROCEDURES 

INTRODUCTION 

For each building configuration, al1 possible combination of stack height, stack 

location and exhaust velocity to windspeed ratio M, were performed together on the sarne 

day as a set of 54 runs. The water in the channel was refilled before each of these runs. 

Before each of these sets of runs a calibration was performed to determine the carnera 

response to changes in concentration for that particular scenario. This changes from run 

to nin due to slight ciifferences in laser power, distance between camera and the light 

sheets, difierem height of the light sheets and different amount of zoom on the camera. 

Performing a calibration before each set of 54 runs accounts for small changes in each of 

these parameters. 

LOCATIONS 

The corners of the buildings provided reference points from which the distances 

between points in the camera could be detennined. At the beginning of each calibration, 

the locations in tenns of carnera pixels were recorded using the "locate" computer 

program. Each corner was recorded with its label and the x and y location in pixel 

number. Location in the x direction varied from pixel O to 639, and Location in the y 

direction varied from pixel O to 479. The corners of the ernitting building were always 

labeled A, B, C, and D starting with point A the top lefi corner and moving around the 

building clockwise with the carnera looking down from above The corners of the 

adjacent building were always recorded as E, F, G, and H with point E in the top left 

corner and moving around the building clockwise with the carnera looking from above. 

For the rnirrored buildings, the corners of the area of the face of the building upon 



which concentrations were k i n g  measured that was visible in to the carnera were 

recorded as J, K, L, and M starting with J in the top left corner and moving amund the 

building in the clockwise direction. For the cases were there was a gap between the 

emitting building and an adjacent mirmred building al1 of the face of the mirrored 

building closest to the adjacent building should be visible in the mirror. This put points J 

and M at the ground and L and K at the roof if the adjacent building was downwind of the 

emitting building. If the adjacent building was upwind of the adjacent building, then 

points J and M would have been at the roof and points K and L would be at the ground. 

In reality, the entire face of the building was not visible in the mirror due to the thickness 

of the by the metal used to make the sides of the building and the g l a s  used to constmct 

the top of the building in front of the building. 

For the cases where there was zero gap width between the ernitting and adjacent 

buildings then data would only be available on the portion of the wall of the adjacent 

building that is above the height of the emitting building. This puts points J and M at the 

emitting building roof level if the adjacent building is downstrearn of the emitting 

building. If the adjacent building is upstream of the emitting building then points J and 

M would be at the top of the adjacent building with points K and L at the emitting 

building roof level. 

In addition to the corners of the buildings, the locations of the three stacks were 

recorded. The stacks were labeled 1,2, and 3 with 1 being the most upstream stack. 

Note that these locations were only recorded for roof level measurements. If there was a 

split in the level of the light sheets then the location of the split was recorded and given 

the label S. Only the x position on the split was important, and location was only relevant 

for roof level measurements were there was a difference in building heights. Al1 of these 

locations were stored in a single text file with a ".LOC" extension. 



CALIBRATION IMAGES 

The calibration box was placed amund the buildings in question so that the entire 

are to be viewed by the camera would be enclosed by the calibration box. The box was 

placed roughly in the center of the water channe1 so with its sides parallel to the sides of 

the water channel. A small submersible pump was placed in the corner of the box outside 

the view of the canera to continuously stir the water inside the box during the calibration 

process and prevent dye bleaching. 

After the laser had been tumed on and properly aligned and al1 the buildings were 

in the correct position, a background image was taken using the 44Backsht" program. The 

program took 100 frames at 10 frames per second and stored the sum of the counts 

recorded at each pixel for the 100 frames. Since the water was refilled before each 

calibration, the water in the box contained no fluorescent dye. 

After the background had been taken, calibration images were taken with two 

different concentrations of fluorescein dye the calibration box. In theory, only one 

concentration was required for calibration since the camera response was linear, but a 

second concentration was used to see if one known concentration could be reproduced 

from the other. The was a useful check to ensure that nothing had gone wrong during the 

calibration process. 

The two concentrations used for al1 calibrations in the present study were 

O.Olmg/L and 0.04mgL The inside dimensions of the calibration box were 52 cm long 

by 32 cm wide with length in the direction of the flow (when the water channel was 

operating) and width in the crosswind direction. The height the water in the box was 35 

cm that is the height at which the channel operated during actual mns. This yields a 

box volume of 58240 mL minus the volume of the buildings minus 250rnL for the 

volume of the fish pump. From the volume of the box, the amount of fluorescein dye 



required to produced concentrations of 0.0lmgL and 0.04 mg/L could be calculated. The 

fluorescent dye introduced into the calibration box came from a previously rnixed stock 

solution of 400mgL. The appropriate amount of dye was measured by weight on an 

electronic balance. The 400mgL stock solution used to create the correct concentrations 

in the calibration box was the same solution used to mix the 4mgL source solution that 

was used emitted from the stacks during the plume simulations. 

The calibration images were taken at 10 frames per second, for 10 seconds using 

the "Calsht" prograrn. This program stored the sum of al1 counts at each pixel taken over 

LOO frames. The operations of the program "Calsht" is identical to the operation of the 

"Backsht" program used to take background images except that the "Calsht" program 

asks the user for additional infoxmation to be stored with the file. The program asks for. 

concentration used in calibration 

The location file containing the corners of the building, stack locations and 

split 

The length and width of the emitting and adjacent buildings. 

The distance from the inside edge of the calibration box the nearest building 

edge of the adjacent and emitting buildings. 

From the length and widths of the emitting and adjacent buildings the prograrn 

calculated the mm per pixel in the x and y directions over the emitting and adjacent 

building roofs since the number of pixels between building corners could be found from 

the location file. The mm per pixel was stored for both the emitting and adjacent 

buildings if they are at different heights due to the fact that the number of mm per pixel 

were not be the same if they were at different distances from the camera. 

The distance from the inside edge of the calibration box to the nearest building 

edge was used to calculate the distance from the inside edge of the calibration box 



through which the laser light sheet enters to the fint row @=O) in the camem This 

distance was cdculated for both the emitting and adjacent building. This distance was 

used in the attenuation correction in the gain calculation discussed in the next section. 

GAIN 

A gain G, was calculated for each pixel so that the concentration at any point C, 

and is related to the observed intensity I, as 

The program "Findgain" takes a calibration image and a background image and creates a 

binary file containing the gain at each pixel. The program takes the calibration image and 

subtracts the background image in the box. If either the cdibration image or the 

background image has a value greater than 1000 counts (on a scde of O - 1023) the point 

is considered overloaded and a value of 1Oûû tirne the cdibration concentration is stored 

for that point. This value of 1000 times the calibration concentration is an arbitrarily 

chosen large value used to mark overfîowed points. If the cdibration image minus the 

background has a value of less than O. 1 at any point then the point is considered to have 

under flowed and a gain and O is stored for that point to mark it as an undefflow. 

The remaining acceptable pixel outputs need to be corrected for attenuation as the 

laser light sheet decays as it passes through the box. The observed intensity needs to be 

adjusted to the value that would have been seen at a particular point if the laser light sheet 

had reached that point without being attenuated by passing through any concentration of 

fluorescein dye. If the initial intensity of a coherent beam of laser light was Io then the 

intensiq after passing through a distance Ay of constant concentration C then the intensity 

of the beam is 1, is 



If it is assumed that the initial intensity of the beam 1, is the same as the intensity of the 

beam that would have been observed at point i j  if the beam had not passed through any 

concentration before reaching point i j ,  cal1 this intensity I,, , then the actual observed 

intensity at point i j  would be 

C = & p p (  -&CU1fiyi) 

where Cd is the known concentration in the calibration box and Ay, is the distance from 

inside edge of the box to row j. This is calculated from the pixel number j times the mm 

per pixel in the y direction and the boxdistance from the calibration file that gives the 

distance from the inside edge of the calibration box to row y=O in the camera 

The camera gain for each pixel should then be the known concentration in the 

calibration box C,, divided by the unattenuated fluorescence intensity Io,, since this is 

the intensity that will be present in the actual plume simulations where there is negligible 

attenuation through the plume (see Appendix E), therefore using Equations (G. 1) and 

G - 3 )  

This gain is stored in a gain file with a '%NI " extension. This file is a binary file of 

double precision real numbers. 

PLUME CONCENTRATIONS 

Al1 plumes were averaged over 100 seconds (1000 frames at 10 frarnes per 



second). The program 44threshavg" was created to acquire this data. The program stores 

the total counts for each pixel acquire over 1000 frames and in addition calculates the 

intermittency at each pixel. The intermittency is the percentage of the time there was a 

reading at that point above a certain threshold. For the plume simulation performed in the 

current study the threshold was 5 counts above the background image taken before the 

plume image. The program also prompted the user for the stack number, stack height and 

the flow rate which was stored dong with the plume image. 

The next step in the process was to use the gain file to extract concentrations from 

the intensity readings in the plume image. For each point i j  , the concentration at that 

point C, was the gain G, times the observed intensity at that point 1, 

If either the plume image or background image at any point had an average 

intensity above 1000 the point was considered to have overloaded and the point was 

assigned a concentration of 1OOO times the source concentration. or if the gain at any 

point had a value of 1 0  times the calibration concentration calibration having been 

marked as an ovefflowed point in the calibration image, it was given a value of 1ûûû 

times the source concentration. Similarly if any point had a gain of zero having been 

marked as an underflow in the calibration image, it was also give a value of 100 times 

the source concentration. The value of 1 0 0  times the source concentration was an 

arbitrarily chosen large value used to mark al1 bad points. 

Each calibration ".CNlW file is a binary file containing the concentration at each 

point stored with double precision real variables. Data from these files is extracted using 

the "Surf' program to create data that can be used for contour plots and the "mindilut" 

program to create data that can be used for plots of minimum (centerline) dilution. The 

"Surf" program takes the concentration ".CNI" and uses every fifth point to create 

colurnns of data that can be used to create contour plots. Every fifth point is used since 

this gives adequate resolution at reduces the time required to process the data Each row 



in the file contains x pixel location, y pixel location, x position in mm, y position in mm, 

concentration, dilution, and normdized dilution, These files are ASCII text files. 
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