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Measuring Adjacent Building Effects
on Laboratory Exhaust Stack Design
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ABSTRACT

Current methods for designing exhaust stack height and
exit velocity are based on avoiding contamination of the roof,
walls, and nearby ground surface of the building on which the
stack is located. Usually, no account is taken of the effect of
adjacent buildings that add turbulence and increase disper-
sioniftheyare located upwind and may be contaminated them-
selves iftheyare downwind of the emitting building, To account
forthese adjacent building effects, ASHRAE Research Project
897 used water-channel simulation of the atmosphere to eval-
uate rooftop contamination in more than 1,700 different
configurations of adjacent building height, width, spacing,
stack location, stack diameter, height, and exit velocity.
Exhaust stacks on scale models of flat-roof buildings were
tested using fluorescent dye tracer illuminated by thin laser
light sheets, with digital video images to measure dilution in
the exhaust plume at roof level air intake locations. The results
show that high stacks and exit velocities that represent good
design on an emitting building can be less effective and are
sometimes counter productive in reducing contamination of the
roof of a nearby adjacent building. The implications of the
study for developing practical stack design guidelines are
discussed in this paper.

INTRODUCTION

Many exhaust stacks from laboratory fume hoods and
industrial exhausts are not actually designed but instead are
simply specified to have the minimum height, typically about
7 ft (2.1 m), that will meetlocal fire and building code require-
ments. For stacks that are designed by making exhaust-to-
intake dilution calculations, the effect of adjacent buildings in
changing the rate of plume dispersion and deflecting plume
trajectories is only accounted for by rough approximations.

Mark Y. Ackerman, P.E.
Member ASHRAE

For example, the current ASHRAE design method in chapter
15 of the 1997 ASHRAE Handbook—Fundamentals
(ASHRAE 1997) specifies that no credit for stack height
should be given when the plume passes over a downwind
building or rooftop obstacle that is higher than the stack.
Denying credit for stack height below obstacles is based on
wind tunnel experiments by Wilson and Winkel (1982).

Studies of the effect of buildings on plume dispersion
have focused primarily on the added turbulence and flow
downwash that affect ground level concentrations from a stack
located downwind of the building. Wind tunnel measurements
by Robins and Castro (1977a, 1977b), Huber (1989, 1991),
Huber and Snyder (1982), Huberet al. (1991), and Thompson
(1993) all focused on the effect of a single isolated upwind
building affecting a ground-based stack. The effect of the
plume from an isolated upwind stack impinging at roof level
on a downwind building was investigated in a wind tunnel
study by Wilson and Netterville (1978). None of the existing
studies dealt with the important question of how a closely-
spaced adjacent building will influence the exhaust gas disper-
sion from a roof-mounted stack on another building.

OBJECTIVES

ASHRAE RP-897 carried out a systematic study of
sixteen adjacent and emitting building configurations to deter-
mine how adjacent buildings should be accounted for in labo-
ratory stack design. The research project had four distinct
objectives:

1. To use scale models of emitting and adjacent building pairs
to catalogue the effect of adjacent buildings over a wide
range of stack heights, exhaust velocity to windspeed ratios,
stack locations, and emitting/adjacent building configura-
tions.
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2. To use the results of this catalogue of building dilution
measurements to recommend stack design procedures that
improve plume dispersion (and reduce intake contamina-
tion) when an adjacent building is present.

3. To compare measured dilutions with dispersion calcula’

tions using the computer models ISC3 and SCREEN3
developed by the Environmental Protection Agency (EPA:
1995a, 1995b) and the ASHRAE dilution model from chap-
ter 15 of the 1997 ASHRAE Handbook—FFundamentals.

4, To prepare a commentary on the suitability of existing
models for predicting exhaust-to-intake dilution in the pres-
ence of adjacent buildings and to evaluate the suitability of
availability of design standards such as ANSIAIHA Stan-
dard Z9.9-1992, which states that re-entry of fume-hood
exhaust should be avoided at nearby buildings as well as on
the emitting building. i

In this paper, only the first two objectives will be
addressed: to describe the experimental measurements of dilu-
tion and to recommend methods for improving stack designs
that account for adjacent building effects. The detailed discus-
sion of the performance of EPA and ASHRAE dispersion
models is presented in the final report of RP-897 (Wilson et al.
1998). ’

The cxperiments of Wilson and Winkel (1982) suggest
that there may be no benefit from higher stacks when the emit-
ting building roof is enveloped by the flow recirculating zone

behind an adjacent upwind building. When the adjacent buiid- |,

ing is downwind, the plume from a high stack ejected at high
exhaustvelocity (to avoid contaminating the emitting building

roof) may rise and impinge directly on the roof level intakes, *

if the adjacent building is higher than the emitting building.
The measurements reported here show that both these unde-
sirable situations do occur and 'cause large increases in
contamination of roof level intakes.

BUILDING AND STACK CONFIGURATIONS

The building configurations used in the study are shown
in Figure 1, where they are presented in six different subcat-
egories. The two factors used for categorizing adjacent build-
ing effects are (1) whether the upwind or downwind building
is emitting the exhaust and (2) the relative roof heights of the
two buildings. Figure I shows the definitions of step-across,
step-up, and step-down roof-levels.

All the data shown here is for the single-width buildings
(2.5 H wide). Normalized dilution plots for the double-width
buildings show the same general trends as the single width
buildings and are presented in the final report of the project
(Wilson et al. 1998). - -

For each of the building configurations, 54 combinations
of stack location, stack height, ard exhaust velocity were
tested.

e Three stack locations: 0.25 H from upwind and downwind
roof edges and in the center of the roof.

" BACK TO PAGE ONE

»  Three stack heightsofh = 0.175H,h;=0.25H,and h =
0.5 H to simulate stack heights of 7 ft, 10 ft, and 20 ft on a
nominal emitting building with height H = 40 ft.

¢ Six values of exhaust velocity ratio M = W,/Uy of 1.0,
1.5, 2.0, 3.0, 5.0, and 8.0, with equal exhaust and ambi-
ent air densities p, = P, to produce a non-buoyant
momentum jet from the uncapped stack.

These measurements were made using stacks with inside
diameter d = 0.10 in. (2.54 mm). This &/H = 0.05 stack simu-
lated a nominal diameter of d = 2 ft (0.61 m) for building
hetght of A =40 ft (12.2 m) in the nominal 240: 1 scale. For the

‘sixtcen configurations in Figure |, 1728 combinations were

measured for roof level concentrations. To confirm that the
results from the ¢ = 0.05 H stack could be applied to other
stack diameters using appropriate scaling factors, a series of
21 tests were performed to repeat selected configurations

_using a stack diameter of d = 0.025 H, half the size of the stan-

dard stack.

Model buildings were constructed by machining solid
blocks of aluminum to emitting building height H = 2.0 in.

- (50.8 mm) and equal widths and lengths of 5.0 in. (101.6 mm).
.Several auxiliary blocks were constructed so that groups of
“blocks could be arranged to create the 1.5 H and 2.0 H high and

5.0 H wide double-width buildings. One of the single-width
blocks was hollowed out, and friction-fit adjustable height
stacks were installed in a (.25 in. (6.35 mm) thick roof. Flex-
iblc plastic tubes connected each stack to a manifold valve and
a bank of five rotaméters to cover the flow needed for the M
=1.0 to 8.0 range.

- Surface concentrations for plumes impinging on building
walls were also investigated using model buildings with glass
roofs and walls with mirrors mounted iriternally at 45° angles
to allow the downward looking video camera-to see through
the glass roof and out the glass building wall. One of the laser
lightsheets shown in Figure 1 was realigned to a vertical orien-
tation just in front of the building wall, and plume impinge-
ment concentrations were recorded. These wall impingement
measurements produced . another 972 combinations. The
results for these building wall impingement studies are not
reported here but may be found in the final project report
{Wilson et al. 1998).

SCALE MODEL SIMULATION
OF ATMOSPHERIC DISPERSION

Both wind tunnels and water channels can be adapted to
produce simulated atmospheric turbulence for dispersion
experiments. With both available, the present study chose to
use water-channel simulation because of its superior ability to
produce full-field video images of plume cross sections using
thin Jaser, light sheets,to illuminate, the entire roof of scale
model buildings. Simulating,the stack exhaust gas with water
allowed us to accurately mix known concentrations of fluo-
rescent dye tracer to produce the exhaust concentration C, in
the water-channel experiments.
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Figure 1 “Adjacent building configurations test in water channel simulation. Building widths of 2.5-H and 5.0 H tested for

all 16 configurations.
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Watsr channel test section dimensions
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Figure2 Water channel flow processing for simulatian 9f dtmospheric wmd p)af le and turbulence ppproachmg

buildings. o ¥

Simulation of atmosphenc dltTuswn from .stacks near
buildings requires the following factors to be considered:

»  Correct simulation of atmospheric turbulence intensity and
eddy scales in the simulated appgoach wind profile.

*  Correct flow reattachment and wake recirculating regions
for the model buildings.

*  Correct similarily of exhaust gz{s momcmupr buoyancy,
" ‘velocity profiles, and turbulcnce in lhe cmergmg tiow from
the laboratory stack

$ o Correct scaling of wind-tunnel or wa!cr,(.hannel concenln—
tton data to an apprepriate full-scale atmospheric averaging
time. This ;averaging time is the time during, which the
plume is allowed to meander back and forth to produce the
time-gveraged receptor:concentration.

Boundary Layer Simulation .. -

The water chiannel in Fiffure 2 wis specifically designed
to modet atmosplicric'dispersion. Tlié 16 (4.9 ) lofig test
section'allows developmient of the targe eddy structures lypn-
cal of the lower 300 ft'( 100 m) of a neulrally stable atnio-
spheric boundary layel' Flow processing’ to achieve this
stmulation began with & Tlow-blockage screen with variable
arca openings on'thé downstreat side 0f the flow suarghlener
at thé water-ctah nel eiitrance: This blockage screen helped to
rapidly develop a wind lmundary layci‘ profile by changing (He
infet velocity prof ile from ond'(hat was uifiform wnh height to
a closer approxnmahon of the mcrcasmé, spccd with hclghl in
the developed boundary layer. After passing ovér a low wall
lo generate cross-stream vortices, the flow developed natu-

st B
rally over a plate covered with uniformly distributed nylon
pins that were destgned to.produce an urban roughness bound-
ary layer with a16g-law roughness scaling length in U o< 4 (/
z,) of z,=1.60 mm in the water channel, equivalent to a full-
scale 'r'oug'hncss Ienglhﬁof z, = 380 mm in the 240:1 scule at
which the experiments were conducted. The mean yelocity
profile in Figure 3 was fit with the power law U o< 2026, typical
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of a low-rise urban area (Irwin 1979). In the absence of build-
ing models, the water-channel: speed at model building
height, H =2.0 in. (50.8 mm), was maintained at Uy, = 0.57 fUs
(174 mm/s). At this speed, the building Reynolds number was
Rey; = UyH/v = 7700 for a water temperature of 59°F (15°C).

In his review of building flow simulations, Snyder (1993)
performed experiments that supported the Reynolds number
scaling recommendations of Robins and Castro (1977a). For
a turbulent boundary layer wind profile approaching a model
building, they found that a correct flow simulation was
obtained for Reynolds numbers Rey > 3000 to 4000. Our
experiments were carried out at a Reynolds number twice this
minimum requirement:

One widely acceptedreference for atmospheric dispersion
simulation is Snyder (1981), updated in Snyder (1993). Snyder
recommends that for correct turbulence intensity and scale

simulation, the Reynolds number formed using the surface fric-

tion velocity ux and log-law roughness length scale z,, should be
usZ,/vV > 2.5. Using the measured value ux = 19.9 mmy/s, from
the single-component laser doppler velocity measurements
shown in Figure 2, our friction velocity Reynolds number was
23, a'factor of 10 larger than the required minimum.

Flow Reynolds numbers in the water-channel boundary
layer are several thousand times smaller than their full-scale
atmospheric counterparts. These low Reynolds numbers in the
laboratory flow require that the roughness elements used in the
water channel be much larger and more densely packed than
would be found in a full-scale aimospheric flow. In order to
allow the boundary laj/er lo forgel this exaggerated roughness
height, a smooth surface the length of 4.0 H was placed in front
of the model buildings, as shown in Figure 1. Measurements
were made at roof height {o confirm that this short readjust-
ment length had a negligible effect on wind speed at roof
height in the absence of buildings.

Stack Exhaust Simulation

The correct full-scale stack Reynbfds number cannot be
matched in the scale model. Stainless-steel tubes with inside
diameters of d = 0.05 in. (1.27 mm) and d = 0.1 in. (2.54 mm)
were used to simulate the 1.0 ft (305 mrm) and 2.0 ft'(610 mm)
diameter stacks in 240:1 scale. For exhaust velocity ratios rang-
ing from WUy = 1.0 to 8.0, the large diameter 0.1 in. model
stacks had laminar flow, with Reynolds number W, d/v = 400
to 3200. Equivalent full-scale stacks would have Reynolds
numbers of 200,000 to 1,600,000 with fully turbulent flow.

No attempt was made toinduce turbulent flow in the small
dianeter model stacks. Instead, a correction was applied to
adjust the model scalé flow velocity to produce the same
exhaust momentum flux that would occur in a flat turbulent
flow profile emerging from a full-scale exhaust stack. A
momentum flux cofection factor, o= 2.0, fer liminar flow
was used when calculating M, the density- wctghted exhaust
velocity W, to windspeed Uy, ratio:

TO-98-15-3 (RP-897)

where p, and p,, are the exhaust and atmospheric densities. For
the flat (uniform) velocity profile that would be expected for
highly turbulent flow in full scale, oo = 1.0. All values of M
shown in the figures are full-scale equivalent values calcu-
latéd using

w 8
M = 1414 ¢ madel , (2)
‘ H model

where p. and p, for the water were used tosimulate both atmo-
spheric air and exhaust gas in the model.

Todetermine the effect of laminar exhaust flow on plume
trajectory and turbulent mixing, a series of experimenits were
carricd oul using a larger scale stack of 0.35 in. (8.8 mm)eject-
ing fluorescent dye into the laser light sheet. These tests, with
a stack Reynolds number of 1600, showed that the emerging
jetunderwent arapid tr nsition to turbulence within ten diam-
eters after exiting with velocity ratios ranging fromM = 1.0 to
4.0. When a turbulerice generator was inserted in this larger
model stack to prodiice a flat turbulent exit profile, the entrain-
ment and mixing into the bent-over jet was indistinguishable
from its laminar counterpart at the same momentum-adjusted
velocity ratio M after the plume had traveled ten diameters
from the stack tip. These experiments confirmed that momen-
tum-adjusted laminar exhaust flows in the model stacks
provide an accurate simulation of jet mixing, plume rise, and
dispersion; ,

Plume Spread Slmulatlon

_The final step in assessing the accuracy of scale model
s1mulat10n was to measure crosswind plume spread in the
absence of buildings to determine the appropriate concentra-
tion averaging time that was being simulated in the water
channel: This full-scale concentration averagirig time cannot
be determined by using a scale Factor to adjust the concentra-
tioh sampling time used to collect water-channel data. In the
water channel, the glass sidewalls: prevent the 1 rge cross-
wind plume meandering that occurs for averaging tlmes
longer than several minutes in thé atmosphere.

The effective averaging time for the water channel was
determined by measuring crosswind plume spread G, in the
water channel using 100 second averages of 1000 frames of
digital plume images of fluorescent dye illuminated by laser
light sheets. A streamlined isokinetic injector tube 0.135 in.
(3.45 mm) inside diameter e]ected dye tracer parallel to the
flow at building hcrght z=H =20 in. (50.8 mm) above the
surface with no building quels present Figure 4, shqws
measured plume spread over the range of downwind distances
ZH where bulldmg models would be tested The data shows
that an effective initial source srze o, adds linearly to the
turbuicnce mduced spread:

[P T ! i g
0'y = Ayx +0,. 3)
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building will be positioned.

Here, x"is the distance x’ = (x- x ,ack) from the stack, with
the origin x =0 at the point whcrs the upwind wall of the emit-
ting building is located: (see Flgure 2). In‘the absence of build-
ings, we found'A, ;. = 0.080 £ 0,04 avcraged over scveral
different tests.

Full-scale urb'an diS"persi(')n measurements of McElroy
and Pooler (1968) were used by Briggs to develop 60-minute
averaging time plume spread equations for 6, and o, for EPA
models ISC3 and SCREENS3. For the neutrally stable case
simulated here, these functions are linear in the first 1500 ft
(=500 m) from, the source, with Ay, ;s = 0.16 for 60-minute
averages in the neutrally stable ,almosphere (class D) simu-
lated in the water channel (EPA 1995a). Using the widely-
accepted 0.2 povier law to adjust Ay values for ch'mg sinaver-

aging time £,
Ay modst  (Cavgmodei\Z
W Iode “( av, ."lﬂl‘l‘) ’ (4)
A.\" amos  avg, atmoy

For Ay mordel — =0. 08 Ay atmos = 0.1 6 and ‘avg anmos = 60 min
we calculated from Equation 4 that 1, 04, = 1.9 min. Using
this indirect method, we were able to interpret our water chan-
nel measurements as representmg two—mmute averages in the
full-scale almosphere. i s

Fma{ly, itis worth noting that the lingar relation of Figure
3 bclween plumc sprcad and downwmd dlslance allows’the
bmldmg model experimentg to bc scalcd up or scaled down as
long as lhe size of ‘the two bmldmgq logcthcr dogs not exceed
the range of about 500 m where the' lincar sprcad function is

valid. This means that the'scale model buildings with length L
=2.5 H can be usedto represent.building heights a factor of 4
higher and lower, ranging from about #// = 10t (3:05 m) to H
= 160 ft (48.8 m) rather than the single nominal building size
of H =40 ft (12.2m) chosen for the research project.

In the following discussion, we will refer to.an H = 40 ft
building height with stack heights #; = 7 ft, 10 ft, and 20 ft
above the roof. These nominal values will help us visualize a
typical full-scale situation, but.in fact may be scaled up and
down by about a factor of four to. represent other buildings
with the same stack to building height ratios 2 /H. :

DILUTION MEASIJREMENTS i
WITH FLUORESGENT DYE TRACER - =9

- Rooftop concentratidh measuiéments were made using
disodium fluorescein dyé as a tracer in the water injected from
the stacks, as shown in Figure 2.'The dye was illuminated by
laser light sheets generated by a 4 W argon ion laser and
recorded using a video ¢amera looking down through the
surface of the water at the building rooftops.'Digital images of
the, plume were obtained using a' 10-bit (1024 step) frame
grabber board to directly average 1000 frames.acquired at 10
frames per;second over‘a,100 second sampling time.:.: |

The single beam from the 4 W argon ion lasefi was split
into two beams that were carried, by fiber-optic cables to the
water channel-where they were processed through converging
and cylindrical lenses to produce-a thin light sheet about 0.04
in. (1.0 mum) thick diverging at-about a.10° angle over the
building - rooftops.: The building models and -surrounding
ground surface plates were pamted flat black to minimize
reflections. . - PR (15

. A black and white GCD video-camera with a 3 1 zoom
lens was used to record-video images of the plume. Because
the camera looked through the water surface (see Figure 2),a
plastic float that spanned the width of the water channel :was
anchored upstream to remove surface ripples over the building
models. The camera lens was fitted with a yellow filter to
remove the blue-green laser light reflections and allow only
the green-yellow dye fluorescence to be recorded.

3y wE S e

VIdeo Image Qallbratnon beens §

- Each of the 480 by 640 pixels in the frame grahber array
were individually calibratedhy placing an open-bottomed box
over. the models and filling it with concentrations of fluores-
cent dye solution. Digital images over the model roofs then:
gave. individual pixel calibration values :oficoncentration .vs.
intensity counts on the frame grabber. By including the model
byildings, direct compensation:. was obtained for surface
reflections. The three, stacks ‘on the emitting building .roof
passed through the laser sheet and cast shadowsiand produced
bright reflections. These shadows were too dark to be
corrected by the.direct calibration technique and are visible in
dilution contour plots (Figure 5). The dilution data points near
the stacks were obscured by reflections and are removed from
the graphs (Figure 8).

TO-98-15-3 (RP-897)



Calibration of the camera and frame grabber produced a
linear. mtensnty-concentxatlon response over a 250:1 range of
concentrations: in the calibration box. This linear response
allowed us to use real-time averaging of the pixel intensities
for the 1000-frame sample, followed by conversion of the
average intensity to average concentration.

The corners of the emitting building previded a:scale
reference to convert pixels info position distances on the aver-
age video image. The width and length of each pixel element
was about 0.02 in. (0.5 mm or-0.01 H) on the model roof. This
high spatial resolution was found to be unnecessary, and only
every fifth pixel was recorded in the final data arrays. This
resulted in each of the single width bu1ld1ng rooftops (2.5:H
long and wide) having a dilution measurement array of 5050
points on the roof surface giving 2500 measurements on each
building roof to define contours of constant concentration and
profiles of minimum dllutmn

NORMALIZED DILUTION FUNCTIONS

The dilution factor D is defined as the ratio of exhaust to
receptor concentration, D = C,J/C, where C is the pollutant
concentration at any receptor and C, is the pollutant concen-
tration in the exhaust gas. This dllutlondepe_nds on the volume
flow rate from the stack and the ability of the atmosphere to
disperse pollution, charactérized by variables such as wind-
speed and vertical and crosswind plume spreads: . In order to
present the results of our measurements in a form that can.be
used for stack des1gn, we normallzed these measured dilutions
in a form that allows them to be adjusted.to a variety of full-
scale atmospheric wind conditions and varying ratios of
exhaust velocity to _wlndspeed. The appropriate normalizing
factor was derived by considering roof level concentration for
the Gaussian concentration profile for a plume dispersing in
homogeneous turbulence over a roof.with the plume reflected
from the impervious roof sutjface_(Panofsky and Dutton 1984)

C"OO e 2
CT nULcycz , 207
where Cmof is the roof level concentration on plume center-
line, U, is the effective wind velocnty for plume convection,
and C, xs the concentration of pollutant (in the same units ppm
or lpg/m as C'Unf) in the total exhaust volume flow rate. Q..
The plume spreads 0, and g, in the crosswind and vertical
directions vary with dlstance x’ from the stack. The stack
height is A, w1th a f1nal plume rise Ah above the' top of .the
stack. . 1 : v
The minimum (1 e. ! plume centerlme) d11ut10n is defined
as D,,;, = C o/ € roor Rearrangmg Equation 5‘ to define the
normalized-dilution, i o :

H .

TO-98-16-3 {RP-897)

where the building height H has been used to normalize the
dilution to be consistent with normalizing distance as x/H. The
wind speed Uy is observed at emitting building height z = H
above ground with no buildings present.

For a non-buoyant momentum jet, Briggs (1975, 1984)
gives the final momentum rise height as

Ah =30 Md, @)

where the density-weighted velocity ratio M is defined in
Equation 1. We used Equation 7 to define the normalized
exhaust velocity ratio Md/d,,; with the reference diameter
equal to the stack tested, dy,r=0.05 H. For all the measure-
ments shown in this paper, d =d,,rand the normalized exhaust
velocity to windspeed velocity ratio was equal to the actual
ratio M.

DILUTION FOR UPWIND EMITTING BUILDING
STEP-ACROSS ROOFS

Figure 5 shows dilution contours for a flat-roof building
at a low exhaust velocity M = 1 and a higher exhaust velocity
of M = 3, both for the medium (0.25 H) stack height, cquiva-
lent to A, = 10 ft on an H = 40 {t high building. At the low
exhaust velocity, the plume is downwashed into the roof recir-
culation region at the leading edge of the building and

BABOZ1 19
“hg=10r
i uam
T
M=
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thure 5 Dilution contours on the flat-reof building
(step-across roof, no gap) for the medium 10 ft
stack height (h/H = 0.25) with exhaust velocny
to wmd.speed ratios of M =1 an M = 3.
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Figure 6 Dilurion contours for step-across roof with 1.0 H
gap between bmldmgs for the mediuni 10 ft stack
. height (h/H = 0.25) with exhaust velocity to
windspeed ratios of M = 1 and M = 3.
produces significant concentrations upwind to. the roof edge.
Note.the distortion'in the dilution contours ‘caused by hght

sheet shaddws from'the three stacks. :

Flgure 6 shows, lhca same stack helght asFigure 5 but with
agap.of .OH betvxeen the buildjngs. Along the plume center-
line, the dilution increases in the gap but then decreases as
material trapped in the gap is sucked up over the roof of the
downwind adjacent building.

Figure 7 presents ‘the’normalized minimum dilution on
the plume centerliri¢:to' show the‘effect of gap width be’then
the buildings. The data points in Figure 7a for M 1.0and 3.0
are the same as shown in Figure 6.

.!"w.‘ 3 _:r ' ;
Reference Building Dilution Measurements

In all the normalized dilution plots, we have included
lines showing the normalized dilution measured on the long
flat-roofed reference building (Figure l)‘ Mcdsuremenls from
this building give a baseline with which,to compam adjacen(
building effects at each exhaust veloéif&r ratio. Although
measurements were made forsix velocity ratios; forclarity we

have shown only three.
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Figure 7 Effect of gap between buildings (symbols) and
no gap (solid lines) references with step-across
roof for medium 10 ft stack height (hyH = 0.25)
on the upwind emitting building.

Effect of Gap Between Buildings
for Step-Across Roof

‘Compalring Figure 7a and 7b with the reference building

_‘daia, wesee that the gapbetween the buildingshas a negligible

.cffect on dilution tor step-across roof levels. Differences

 between ihe lines and the data symbols can be tittributed to the
+30% ryn-to-run random variability between centerline

.concentrations from the 1000-frame averages. Because we are
plotting normalized dilution, this run-to-run repeatability
includes uncertainties in water channel speed Uy and in the
exhaust flow, Q,, along with ‘the undertainties inherent in
quantitative video imaging.
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Fi tgure 8 Effect of locating a stack far from upwind roof
edge. Solid lines for reference building are for
stack 1 located 0.25 H from upwind roof edge
(see Figure 1).

Stack Location: Central vs. Upwind Edge

Comparing the measured dilution in Figure 7, we see an
interesting effect when the stack is located near the roof edge
in Figure 7a vs. the central stack shown in Figure 7b. At the
lowest exhaust: velocity ratio M = 1.0, the near-edge stack has
dilution2to S tlmes less than the central stack for the first stack
heights downwind. This effect disappears at the higher
exhaust velocity ratios of M = 3.0 and8.0.

The advetse efféct f mounting a stack near the upwind
edge of the roof is even more apparent in Figure 8, which
compares the stack location niear the upwind edge of the refer-

roof edge
recirculation

ence building roof with data taken on a downwind emitting
building with no gap, placing the stack at x = 2.75 H from the
upwind edge of the roof. For the reference building, stack 1 is
only x = 0.25 H from the upwind roof edge (Figure 1). An
important point for designers to note is that the measured dilu-
tion in Figure 8 from the edge-mounted stack on the reference
building (solid lines) is a factor of 2 to 10 less than for the same
stack located far from the upwind roof edge (data points).

Using the flow visualization measurements of Wilson
(1979), the 1997 ASHRAE Handbook—Fundamentals, chap-
ter 15, Equation 23 gives the height of the roof edge recircu-
lation cavity as H, = 0.22 H*$7Y%33 wheré ¥ is the crosswind
width of the building. For the single building widths reported
here, Y = 2.5 H and the height of the roof edge recirculation
cavity was H,= 0.30 H. The top of the stack with 4, =0.25 H
in Figure 2.8 ended inside this edge recirculation cavity, and
rooftop dilution factors were éonsiderably reduced. This
dramatically illustrates the disadvantage of locating a stack in
the region of high wind velocity caused by the flow acceler-
ating over the roof edge near a zone of flow recirculation.

These observations lead to a clear recommendation to
designers: avoid locating stacks near the edge of the roof
where high windspeed can deflect the plume into the roof edge
recirculating cavity.

STEP-UP ROOF LEVEL WITH
EMITTING BUILDING UPWIND

Figure 9 shows the pluine from a low level stack on an
upwind building impinging on the wall of a higher downwind
adjacent building with its step-up roof level. From Figure 9, it
is easy to imagine that the worst case for contaminating the
downwind building roof would be,a high exhaust velocity that
carries the plume trajectory to the level of the downwind roof.
At the other extreme, a plume with very low exhaust velocity
would remiain close to the roof level of the emitting building
and be swept around the sides of the adjacent building with

increased -
.- % plume spread

trajectory

upwash

over roof

F igure 9 Plume trajectory and spread from an upwmd emitting buildirig over a downwind- adjacent butldmg with a step-

up roof.
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Figure 10 Dilution contours on step-up roof 2H adjacent
building for a short 7 ft stack height (h/H =
0.175) with exhaust velocity to windspeed
ratiosof M=1,M = 3, and M = 8. :

only a small fraction being carried over the roof. This situation
would minimize adjacent building roof contamination at the
expense of contaminating the roof of the emitting building.

The dilution contours in Figure 10 clearly show the diffi-
culty faced by staxck designers with high adjacent downwind
buildings. At low exhaust velocity M = 1.0, the exhdust plume
from the central stack produces very low dilution (high
concentration) areas on the emitting building, but passes
around the sides of the adjacetit building leaving its roof
uncmmimmaled Ata moderale cxhausl velocity ratio, M =
3.0, about the same level of contamination occurs on the emit-
ting and adjacent building roofs. At the highestexhaust vgloc-
ity, M = 80, the momentum jej causes the plume to rise high
above the,emitting building to heavily contaminate theroof of
the adjacent building. At M =8.0,the hijgh conggntration (low

10

dilution).plume core is easily visibla as it is carried over the
edge of the adjacent huilding roof. The effect of the diverging
streamlines in the decelerating flow approaching the high
adjaéent building is readily apparent in the broadening of the
plume dilution'contours as they approach the adjacent build-
ing. g -

Figures 11a and 11b show the combined effect of stack
height and exhaust velocity in producing worst-case dilutions
on the adjécem rooftop. To test our hypothesis that the worst-
case condition occurs when the centerline:of the undisturbed
plume trajectory is at the height of the adjacent roof, use the
flnal momentum ]etrlsefrom Equation 7 to calculate the point
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TABLE 1
Calculated Impact Heights for Plumes'
Striking a 2H Adjacent Building

M Figure 11ah/H = 0.175 Figure 11bh/H = 0.5
AZimpae/H Equation 9 AZipae/H Equation 9
1.0 —0.68 —0.35
3.0 =0.38 —0.05 Observed Worst Case
"~ 8.0 |+0.38 Observed Worst Case +0.70

impact for the plume. trajectory on'the downwind ad_]acent
building as

BZimpacr = (H+h +3Md)-H, ., (8)
where Az, is the height at which an undisturbed plume
will pass above the roof of an adjacent building roof level
H 4 where H is the height of the emitting building, A is the
stack height, and 3Md is the final momentum jet rise from
Equation 7. If we normalize by H,

Az, A g B
imEdC 5 a E
= LegMp-—t ®)

The height Az, will be negative if the undisturbed
plunie trajectory, shown as a dashed line in Figure 9, strikes the
adjacent building wall below the roof. Note that Equation 9
includes no adjustment for the upward deflection of the plume
trajectory, shown in Figure 9. Table 1 shows values of Az;,, ..,
calculated for the configurations in Figures 11a and 11b.
Considering the sifnple assumptions inherent in Equation 9, it
does a remarkably good job of predicting the worst-case
exhaust velocity ratio for both shortand tall stacks as the value
Of AZjpypqc; ClOSESL O ZErO.
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Figure 1 2 Effect of gap berween buildings (compare with
" Figure 11b) on minimum dilution for ¢ step-up
roof on a 2 H adjacent brdalding with a short
center 7 ft stack (hyH = 0.175) on the upwind
emitting building.
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The higher downwind adjacent building affects the dilu-
tion on the emitting building roof in unpredictable ways. In
Figure 11a, the dilution close to the stack is a factor of 2 to 4
times larger than the reference building case at high exhaust
velocity with a gap between the emitting and adjacent build-
ings. In contrast, comparing Figure 12 to Figure 11a shows
that when the gap between the buildings is closed, the dilution
on the emitting building roof becomes a factor of 5, smaller
than the reference building case when the exhaust velocity
ratio is high. This reversal of effects when the gap is removed
suggests that there is still a strong need for case-specific stud-
ies using wind tunnel and water-channel scale models for crit-
ical situations. ‘

When there is a gap between buildings, the location of the
stack does not appear to be critical. Figure 13 shows the effect
of stacks located at the upwind and downwind edge of the
emitting building. Both produce about the same normalized
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Figure 14 Plume trajectory and spread from an upwind emitting building over a downwind adjacent bmldmg with a step-

down roof.

dilution on the roof of the adjacent building, and there is only
a modest increase in dilution over the emitting building roof
caused by the presence of the adjacent building.

EMITTING BUILDING UPWIND
WITH STEP-DOWN ADJACENT ROOF

The effect of a step-down building located downwind
from the emitting building is shown in Figure 14, The dilution
contours in Figure 15 indicate that the plume ‘continues to
spread in a relatively normal fashion even though it has been
entrained by the wake recirculation behind the emitting build-
ing. Measurements of crosswind plume spread o, on the
downwind building roof were compared to measured spreads
over thereference building and found to differ by no more than
a few percent. This surprising result suggests that the effects
of d step-down roof can be'expressed of in terms ‘of increased
vertical plume spread c, ¢ombined with a step—down in the
location of the roof receptor. w o

Figure 16 shows that the net effect for a step-down build-
ing is that the dilution is always greater on its roof than for an
equivalent reference building with a flat roof. In addition,
Figure 16 shows that there is virtually no effect of havinga gap
between the upwind emitting building and the downwind step-
down adjacent building. These same results occurred for the
other stack heights and exhaust vetocities tested::

As a general rule-of-thumb, ignoring the stéijv down roof
with an upwind emitting building will result in a conservative
design that underestimaltes actual dllullon by factors of 205
on the step-down roof.

| ,
DOWNWIND EMITTING BUILDING WITH STEP-UP -

ROOF FROM LOWER ADJACENT BUILDING

Figure 17 shows schematlcally the effect of an upwmd

building that,adds, turbulence and helps deflect streamlines,..

before they arrive at the emitting building. This makes the

12

on downwind roof
on upwind roof
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Figure 15 Dilution contours for step-down roof level 0.5 H
" adjacent building with a short 7 ft central stack
height (hJH = 0.175) with exhaust velocity to

" windspeed ratios of M = 1 and M = 3.

downwind building look shorter and reduces the size of its
roof edge recirculation cavity.

Figure 18 shows that the effect of alower upwind adjacent
buildingis always helpful, producing significant iricreases in
dilution compared to the flatroof reference building. This was
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Figure 19 Plume trajectory and spread of exhaust from a
central stack on a step-down roof. The exhaust
is trapped in the flow recirculation cavity.

true even for the high stack in Figure 18b that extended well
above the roof edge recirculation cavity.

STEP-DOWN EMITTING BUILDING
WITH HIGHER UPWIND ADJACENT BUILDING

Figute 19 shows the trapping and recirculation of the
exhaust gas plume from a short stack on a step-down down-
wind emitting building. The conventional model of these
trapped plumes is that'they fill the entire crosswind and' verti-
cal wake behind the building with a relatively uniform concen-
tration. The dilution contours in Figure 20 provide a surprising
contradiction to this conventional view. At the low exhaust
velocity ratio M=1.0, the plume from the short stack is trapped
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Figure 21 Effect of 1.0 H gap between buildings on
mininum dilution from a short 7 ft (hyH =

10.175) edge’ stackon the' eniitting building

located downwind fram,_the 2 H.adjacent
building. = .. = ., %

and carried upwind from its céntral stack lobatlon However;

the dilution contours do not il tie crosswifid wake uniforftily
and the plume bchaveq more like 4 poml sourcc plume wnh its
virtual origin shifted upwmd Al M=30, the cxhausl Jel is
sirong enough tg penetrate the cavny. and although the plume
is rupldly dispersed to roof lcvcl none > of it appears upwind ol
the stack locauon hgurc 21 ehows lh'u there is vnrlually no
effect on dilution of remoying the gap betyeen the two build-
ings if exhaust is, trapped in the recirculation, Iﬁglon for both
cases.., jitut gx o el L PRI DL RIS

The major advantage of increasing exbaust velogity is to
plowde initial difution by Jcl cmrammem The mmal dilution
D, éauscd bjr an cmramment m(o a benl over momenlum JCl
was derived by Wilson and Lamb (1994) and |s uscd in the
1 997AShRA Hmtdbrmk—Fumfameﬂrm'\ ch ap\er 15 Eqm—
tion 17, Here we ad'lpl it for use in a lecurculauon cavity by
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using an effective windspeed, U, in thecavity rather than the
undisturbed approach-flow windspeed Uy, to write

1 130We 10
=1+ —lTx ( )

Because U, < U in the recirculation cavity, W,/U, > 1,
and the initial “1” term can be neglected in almost all cases,

and, for two different exhaust velocities W,; and W,,, we have
% = .VEL i (11)
Dy W, M,

With this approximation, we expect the M = 8.0 data to
have about 8 times the dilution of the M = 1.0 data in Figures
21a and 21b. The actual measured ratio is about'a factor of 6
close to the stack.

Figures 22a and 22b show how stack position and stack
height affect the fraction of the plume that is trapped in the
cavity. The measured concentrations upwind of the central
stack location show that part of the plume remains trapped in
the recirculation cavity even for the high stack 2/H=0.5 at the
highest exhaust velocity M=8.0. However, there is a factor of
100 increase in roof level dilution using the high stack at the
high exhaust velocity (see Figure 22b) compared to the lowest
stack at the slowest exhaust velocity (see Figure 22a). This
result suggests that the factor of 8 expected increase in initial
dilution from increasing the exhaust velocity is enhanced by
allowing the high stack to have 90% of its exhaust escape the
recirculation cavity and avoid contaminating the emitting
building roof. This result emphasizes the need for designers to
use the highest stacks and the highest exhaust velacities possi-
ble to reduce roof level contamination even for stacks that are
trapped within recirculation cavities from high upwmd build-
ings.

CONCLUSIONS AND DESIGN GUIDELINES

'‘Measurements of normalized exhaust dilution on emit-
ting and adjacent building rooftops are consistent with
commons-sense deductions from flow patterns and recircula-
tion zones that can be sketched around the pairs of, buildings.
The effect of adj Jaccn( hmldmge on dilution can be casily seen
by direct comparison with measurcments on an equivalent flat
roofed long reference building.

The gap between an emitting and adjacehl buildinghad a
négligible effect on dilution except for the case of an upwind
emittihg building with a higher downwind adjacent building.
In this ‘case, the downwind adjacent building blocksthe flow
over the emitting building roof and can dramatically decrease
the roof level dilution on the upwind emitting building.

Gmdelmes for Stack Designers

In spite of the fact that plume uajec(oncs and lurbulent
dispersion around pairs of emitting and adjacent buildings arc
extremely complicated, there arc some general guidelines to
aid designers in avoiding contamination of roof level inakes.
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Figure 22 Effect of stack height on minimum dilution from
a step-down roof to a downwind emitting
building with short 7 ft (hyH = 0.175) and tall 20
ft (hdH = 0.5) stacks. Plumes from both stacks
are trapped in the recirculation cavity.

. Designérs should avoid locating stacks near the edge of a

roof, where the high windspeed in the flow accelerating
over the roof edge can deflect the plume into the roof edge
recirculation cavity and reduce dilution by factors of 2 to
10. See Figures 7 and 8.

»  With the emitting building upwind, a lower step-down roof

adjacent building will always have higher dilution on the
step-down roof than would occur on a flat roof at the emit-
ting building height. Ignoring the step-down in roof level
will produce conservative designs. See Figure 16.

«  If the lower adjaoent bu11dmg is upwmd of the emitting

bunldmg, it will block the, flow approaching the emitting
bulldmg, producing lower velocities and recirculation cavi-
ties on the emitting bu11d1ng roof and ingreasing dilution by
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factors of 2 to 10 on the emitting building roof. See Figure
18.

»  Designers should use increased exhaust velocity to produce
jet dilution when the plume will be trapped in the recircu-
lation cavity from a high upwind adjacent building. This
initial dilution is directly proportional to exhaust velocity,
and increasing exhaust velocity by a factorof 5 will give an
extra factor of 5 in dilution everywhere on the emitting
building roof, including regions within the flow recircula-
tion cavity. Using both a high stack and high exhaust veloc-
ity in these situations helps the exhaust jet escape from the
upwind building recirculation cavity.

*  When the adjacent building is higher than the emitting
building, designers should try to avoid placing air intakes
on the adjacent building at heights above the roof level of
the emitting building. Then, use the highest stack and exit
velocity possible on the emitting building.
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