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ABSTRACT 

An experimental wind-tunnel study of a proposed building 
with an exhaust stack was carried out. Smoke tracer techniques 
were employed to ident i fy  the wake and vortex shedding that was 
caused by the upstream edges or corners of the building. The 
data was used to determine a stack height required for the stack 
out let  to be free of the upstream wake effects. Addit ional ly,  
smoke tracer experiments where smoke was emitted from the stack 
were conducted to ident i fy  the downwind dispersion of the smoke 
plume. Results from this data indicated i f  stack exhausts 
impacted upon the building roof or the downwind distance for the 
plume to reach ground level. An atmospheric wind tunnel was used 
to conduct the experiments. A 1:300 scale model of the building 
and i ts  surroundings was placed in the tunnel and experiments 
were carried out to represent wind directions from the north, 
south, east, and west. Two di f ferent  stack locations and three 
di f ferent  stack heights were used in the experiments. 

INTRODUCTION 

The dispersion of potent ial ly hazardous exhausts from a 
building stack is of great concern when addressing the possible 
consequences of such releases on the health and safety of people 
and the environment in the v ic in i ty  of the stack. Hany variables 
affect the dispersion of exhausts from a stack such as wind speed 
and direction, s tab i l i t y  of the atmosphere, stack height, 
surrounding buildings, trees and topography, stack exhaust 
velocity and i n i t i a l  pollutant concentrations. 
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This report describes and presents results of a wind-tunnel 
experimental study of a proposed building at Lawrence Livermore 
National Laboratory in Livermore, Cali fornia. The building is 
anticipated to be approximately 18.2 ~ (60 feet) t a l l  and have an 
exhaust stack on i ts  roof, at one of two possible locations. One 
objective for the wind-tunnel study is to determine an adequate 
stack height to ensure that stack emissions are not engulfed by 
the wakes, recirculat ion zones, and vortices of the proposed 
building and/or surrounding buildings. Other objectives are to 
determine i f  stack emissions may be re-entrained into the 
building and to determine the downwind dispersion of the plume. 

The atmospheric wind tunnel at the University of Cali fornia, 
at Davis was used to perform a series of experiments. A 1:300 
scale model of the proposed building and the surroundings within 
one-half mile of the building were constructed for placement into 
the wind tunnel. Test conditions in the tunnel were set up to 
simulate atmospheric boundary layer a i r  flow simi lar to the 
actual conditions at the building si te.  The wind-tunnel 
simulations represent wind velocity conditions of 1] m/s (25 mph) 
at a height of 40 m. Wind flow from the di[ections north, south, 
east, and west, were modeled in the tunnel. T Dispersion data for 
tracer smoke emitted from the wind tunnel modeled stack shows 
that a 45.5 m or t a l l e r  stack would not result in smoke 
contacting the NDERF building roof for  an east or west wind. The 
smoke plume is observed to reach ground level at ]00 m downstream 
of the building edge. For the north or south wind directions, 
smoke contacts the building roof for the stack heights up to 54.5 
m above the ground (three building heights above the ground). 

BACKGROUND 

In the evaluation of a stack design, the local wind-speed 
dist r ibut ion plays an important role in stack design as well as 
the local topography. The expected neap maximum wind speed at 
the stack height is used to estimate the required stack exit  
velocity. Nhen the exi t  velocity is less than 1.5 times the wind 
speed at the stack, downwash from the stack may occur and 
posstbly lead to higher roof concentrations (Ashrae, 1981). The 
local wind characteristics for LLNL, as obtained from an on-site 
meteorological tower, was examined for consideration of wind 
speed, direction, and frequency of occurrence. Typical data over 
a year's time was analyzed and the predominant wind direction is 
found to be from the west to southwest to south; however, the 
current interest 

+ 
]n meterorology, a wind blowing from the west direction to 
the east direction is termed a westerly wind or simply west 
wind. 
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is not only in these directions but also from the less frequented 
directions of north and east. 

The a i r  flow patterns around a large f lat-roofed building 
are characterized by flow patterns as shown in Figure 1. 
Upstream of the building is a stagnation recirculation region and 
downstream of the building a recirculation cavity generally 
occurs. On the roof a re lat ively small recirculation bubble 
exists near the leading edge. A wake extends from the leading 
edge of the building which increases with distance. 

Atmospheric s tab i l i t y  conditions may greatly influence the 
dispersion of a stack pollutant. Typically the near-ground 
atmosphere exhibits stable s t ra t i f icat ion conditions during 
nighttime hours and unstable conditions during daytime hours. 
For moderate to higher wind speeds, however, enough atmospheric 
turbulence is generated such that near neutral s tab i l i t y  
conditions prevail. Wind-tunnel modeling of unstable conditions 
is d i f f i c u l t ,  although stable conditions may be modeled without 
excessive d i f f i c u l t y  by cooling the tunnel f loor.  Neutral 
conditions exhibit considerable atmospheric turbulence and mixing 
and are the conditions under which most wind tunnel simulations 
are conducted. Neutral conditions occur frequently at LLNL 
(Chapman and Gouveia, 1988) and are considered for this study to 
be approximately representative of the atmosphere near the 
proposed building stack. I t  is the atmospheric s tab i l i t y  
condition under which the wind tunnel simulations were conducted. 
Wind speed varies considerably at the LLNL si te. 

In performing the experiments, an atmospheric wind tunnel is 
required to obtain an accurate simulation of the atmospheric 
boundary layer. An atmospheric wind tunnel contains a relat ively 
lon9 entrance region that conditio,s the flow to develop a thick 
mature boundary layer with proper velocity prof i les, turbulence 
intensity prof i les, and turbulence energy spectra. Similar i ty 
c r i te r ia  based on dimensional analysis have been developed to 
allow accurate simulation of dispersion in the atmosphere 
(Isyumov, 1980; Snyder, 1981; and others). 

WIND-TUNNEL FACILITY 

The Atmospheric Boundary-Layer gind Tunnel Research Faci l i ty  
located at U.C. Davis was used for the present study. The tunnel 
was an open-return type and i ts  overall length was 21.5 m, see 
Figure 2. 

The entrance section had a bell mouth shape with a 
contraction area rat io of 4:1 as well as several lateral spires 
to condition the in let  flow. The flow development section was 12 
m long and had divergent walls to reduce the streamwise pressure 
gradient. The test section was 2.44 m long, 1.68 m high, and 
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1.22 m wide. The ceilings of the flow development and test 
sections were adjustable for longitudinal pressure gradient 
control. The present test configuration provided zero-pressure- 
gradient flow. 

In the tes~ section a three-dimensional probe positioning 
mechanism provided fast and accurate (within 0.003 m) sensor 
placement. The scissor arms of the mechanism, which provided 
vertical probe motion, were made of aerodynamically shaped struts 
to minimize flow disturbances. 

The dif fuser section was 2.44 m ]ong and had an expansion 
area that provided a continuous transit ion from the rectangular 
cross-sectional area of the test section to the circular cross- 
sectional area of the fan. To eliminate upstream fan swirl 
effects and avoid flow separation in the dif fuser section, a 
large scale fiberboard honeycomb and smaller aluminum Hexce] 
honeycomb (0.019 m x 0.152 m) were placed between the fan and the 
diffuser section. 

SIHILARITY REQUIREHENTS 

An accurate simulation of the fu] l-scale turbulent 
atmospheric boundary layer can be achieved only i f  the wind- 
tunnel boundary-]ayer also is turbulent. Flow over a roughened 
surface is fu l l y  turbulent i f  the roughness Reynolds number, Re z, 
is (Isyumov and Tanaka, 1980) greater than 2.5 or: 

U,Z 0 
= > 2.5 Rez v 

where u, is the f r ic t ion  velocity, v is the kinematic viscosity 
and z^ is the measured aerodynamic roughness height. At a tunnel 
frees~ream velocity, u.=v, equa] to 1.0 m/s, the va]ue of z. is 
approximately 0.005 m ~hltthe measured value of u, is 0.02 m/~ to 
give a value of Re. = 7. The non-dfmenslonalized horizontal 
turbulence in tens i ty  and the turbu]ent kinetic energy spectrum 
were measured and found to be suitable for the present testing 
conditions. The spectcum exhibits the typical variation with 
wave number of - 5/3. 

Velocity Profjle in Turbulent Flow 

The relationship for velocity, U, versus height, z in the 
turbulent core of a neutrally stable atmospheric boundary layer 
may be represented by: 

U 
Umax = (zm-Zax)a 
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and the wind tunnel flow can be conditioned such that the 
exponent a w i l l  closely match the ful l -scale value of a. U is 
the wind speed at the ,eight of the boundary i yer, z.:  Xfor 
ful l -scale flows, in the wind tunnel, this re la t io f l~ ip  i .  

- -  

l imited to the lower 10 to 20% of the boundary layer height due 
to simulation constraints. Full-scale measurements for LLNL 
(Chapman and Gouveia, 1988) give a nominal value of a = 0.3 and 
the tunnel value of 0.28 closely matched this value. In the 
lower 20% of the boundary layer height, which is governed by a 
rough wall logarithmic velocity prof i le:  

U - -1 In (z___) 
Zo 

i t  is desirable to have the scaled model building and i ts  
surroundings contained within this ]ayer. The depth of this 
layer is approximately 0.16 m and corresponds to a ful l -scale 
height of 48 m (160 feet). This region of the boundary layer is 
relat ively unaffected by the Coriolis forces and i t  is the only 
region which can be modeled accurately by the wind tunnel, i .e . ,  
the lowest 100 m of the atmospheric boundary layer under neutral 
s tab i l i t y  conditions. 

Buildinq Reynolds Number 

Wind-tunnel simulations use the same f lu id ,  a i r ,  as in the 
fu l l  scale. The building Reynolds number, Re, represents a rat io 
of inert ia l  to viscous forces per unit area and i t  is often used 
as a s imi lar i ty  parameter that must be matched between th~ fu l l  
scale and the model to insure similitude. Full-scale building Re 
numbers exceed the tunnel building Re number by several orders of 
magnitude due to scale reductions. For the purpose of wind 
tunnel roof concentration prof i le  measurements, flow above a 
cr i t i ca l  building Reynolds number of 11,000 (Snyder, 1981) was 
found to be essentially Reynolds number independent for model 
cubes placed in the wind tunnel. The Re number is given by 

Re = UHH 

where U, is the velocity at the building or signif icant 
obstruction height, H. However, for complex flow geometry, the 
cr i t i ca l  Reynolds number for flow independence must be determined 
experimentally in situ as was done for the present study. For 
present wind tunnel smoke plume dispersion tests, a value of 
building Re of 3300 was found to be satisfactory and flow 
independence was demonstrated by varying the wind tunnel 
freestream velocity. This corresponded to a freestream wind 
speed of 1 m/s. Additionally, the minimum Reynolds number 
necessary for flow independence appeared to approximately 
correspond to a wind-tunnel free stream wind speed of 0.5 m/s. 
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Stack Reynolds Number 

Stack emissions in fu l l  scale are turbulent; however, in the 
wind-tunnel simulations matching the ful l -scale stack Reynolds 
number, Re~, to that of the model is not possible. However, in 
wind-tunneT simulations adequate s imi lar i ty  is achieved by 
ensuring that the tunnel stack flow also |s turbulent (Snyder, 
198]). This condition is generally achieved (for neutral 
s tab i ] i t y  conditions) for stack Reynolds number, Re S, greater 
than 

UsD s 
= > 2300 Res v 

and lower values are adequate i f  t r ips are used to enhance 
turbulence D_ is the stack internal diameter and U_ is the 
smoke-air velocity up the stack. Hoult and Wei] (1972)Sshowed a 
stack Reynolds number as ]ow as 300 was adequate for buoyant 
flows and Lape (1987) showed a Reynolds number of 700 was 
adequate. For smoke tests the stack |nside diameter was 0.0008 m 
and for a tunnel stack velocity of 1.0 m/s, the stack Reynolds 
number was 533. The stack flow was tripped to enhance 
turbulence. 

Homentum Scalinq 

Haintafnfng a correct rat io of plume momentum to ambient 
flow requtres that (Isyumov, 1980) 

PsDs2Us 2 

paL2Uw 2 
= constant 

where L is a vertical length scale, and U w is the wind speed at 
the stack height. 

For non-buoyant stack exhausts the stack exhaust density, 
p~, equals that of the ambient a i r ,  Pa' and the above relation 
r~duces to: 

D 2U 2 
-S -S 

L2Uw 2 
= constant 

Homentum scaling was maintained for smoke plume experiments 
with a 0.008 m dtameter stack and a stack exit velocity to ].0 
m/s. This case corresponds to the fu l l  scale case of 11 ,Vs (25 
mph) wind speed at the stack height. 
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EXPERIMENTAL PROCEDURES AND INSTRUMENTATION 

The smoke experiments were video taped for a duration of 
f ive minutes. For plume smoke tests a neutrally buoyant air-  
smoke mixture exited the wind-tunnel stack at a velocity of 1.0 
m/s. 

White smoke was ut i l ized for the flow visualization tests. 
The smoke was produced by burning mineral otl droplets. The 
smoke was passed through a model smoke stack attached to the 
proposed build;mg. 

Video tapes of the four wind directions For each of the two 
stack locations were viewed frame-by-frame on a high-resolution 
Sony Trinitron video monitor (model PVM-2030) using a Panasonic 
video-cassette recorder (model AG-Ig50). Each wind-stack 
scenario setting was divided into twenty-five time intervals, 
approximately 2 seconds apart. The sketches of the smoke were 
traced direct ly on the monitor screen. To study the dispersion 
of smoke from the stack, these sketches outlined the smoke as i t  
came out of the stack and flowed downstream. 

Qualitative "probabil i ty density functions (PDF) of sorts" 
were made for each set of twenty-five sketches using observable 
smoke as a measuring medium. In the case of smoke dispersion 
from the stack, "PDF's" were done at two locations: at the 
t ra i l ing  edge of the building, and at IO0 m downstream of this 
t ra i l ing  edge (or somewhat less than IO0 m i f  testing conditions 
did not allow such an extensive view of the downstream region). 
Upper and lower boundaries of the smoke were determined from each 
of the twenty-five sketches and then the percentage of time that 
smoke was present at any given height, for a given location, was 
determined and plotted as the "PDF" versus height. 

ANALYSIS OF DATA 

Experimental data is presented in Figures 3 to 7 for smoke 
releases from the modeled stack. The figures show how smoke 
disperses for various stack heights downwind of the stack for 
wind directions indicated and for the location of the stack, 
i . e . ,  primary or secondary. The figures show the extent of the 
vertical spread of the smoke with the visible upper and lower 
bounds shown by solid lines extended from the stack. At the 
downstream leading edge of the building, and at 100 m further 
downstream, the probabil i ty of smoke versus height is presented. 
As previously described, the probabil i ty represents the 
likelihood of finding smoke (which re~resents the stack 
emissions) at a particular height at a part icular downstream 
distance. A value of 0~ represents the case where no smoke was 
vis ible at this height and lO0~ represents the case where smoke 
was continuously visible. 
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Some general interpretation of the results is possible. 
Cases where smoke is visible at the level of the roof, at the 
downstream edge, represent conditions where possible re- 
entrainment of stack emissions may occur into the building 
venti lat ion system. Also thts case wi l l  result in smoke 
entrainment in the downstream buildtng wake recirculation region 
and thus suggests that the smoke w i l l  reach ground level. A 
comparison of the shape of the "PDF's"may be made. Shapes that 
are relat ively narrow and of small area, represent conditions 
where higher concentrations of stack emissions may be found. 
Cases where the area is relat ively large, represent conditions 
where lower concentrations would be found. 

Figure 3 presents data for a 36.6 m high stack (2 building 
heights high relat ive to ground level) at the primary location 
for wind directions from the north, south, east or west. In each 
case, smoke is contacting the roof as indicated by the "PDF" at 
the downwind edge of the building, and also smoke is entrained in 
the downwind building wake region and reaches down to oround 
level. The maximum ver t ica l  height to which smoke reaches for a 
north wind d i rec t ion,  Figure 3a, at |00 m downwind "of the 
building is 130 m. Lower heights were reached for the other 
directions. 

Figure 4 presents further data for the north wind direction 
for stack heights of 45.5 m and 54.5 m (2.5 and 3 building 
heights relative to ground level) at the primary and secondary 
location. For primary stack locations and stack heights of 45.5 
m and 54.5 m, Figures 4a and 4c, the smoke contacts the roof as 
shown by the downwind building edge "PDF". Smoke, therefore, 
also is entrained to ground level by the wake downstream of the 
building. For the secondary stack locatton for stack heights of 
45.5 m and 54.5 m the smoke plume does not contact the roof. At 
the location 100 m downstream of the building edge, Figures 4b 
and 4d, the lower portions of the :PDF" were obstructed but smoke 
was observed withtn 5 m of ground level. Smoke plume touchdown 
on the ground can then be considered to occur soon thereafter. 

Figure 5 presents data for the south wind direction for 
stack hetghts of 45.5 and 54.5 m and primary and secondary 
locations. For the primary location, Figures 5a and 5c, the 
smoke plume does not touch down on the building roof. At 100 m 
from the building, the plume has touched the ground tn Figure 5a 
but in Figure 5c for the 54.5 stack the plume has a touchdown 
beyond 100 m. The plume is, however, very close to the ground 
and low enough to encounter trees and low buildings and thus 
disperse to ground level. For the secondary location the plume 
contacts the building roof for both the 45.5 m and 54.5 m stacks 
and the plume also is entrained to ground level in the downstream 
building wake region. 
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For east wind cases, Ftgure 6, with a stack height of 45.5 m 
and 54.5 m, the plume does not contact the roof but does contact 
the ground before lO0 m downstream of the building. 

For west wind cases, Figure 7, the smoke plume does not 
contact the roof for stack heights of 45.5 m and 54.5 m and the 
stack located at either the primary or secondary location. Plume 
touchdown for the 45.5 m stack occurs at approximately 100 m 
downstream of the building. Fnr the 54.5 m stack at the primary 
location, Figure 7c, touchdown occurs at 100 m downstream of the 
building. For the secondary location and 54.5 m stack height, 
touchdown occurs beyond 100 m, Figure 7d, but by extrapolating 
the data an estimate of 140 m for touchdown can be made. 

SUHHARY 

A series of smoke tracer wind tunnel tests were conducted 
for two possible locations of the NDERF stack. 

The wind-tunnel flow simulated the atmospheric boundary 
layer at LLNL by obtaining similar velocity and turbulent 
logarithmic velocity prof i le  boundary layer that would engulf the 
scale-model stack. 

Experimental flow conditions represent a f u l l  scale wind 
velocity of 1] m/s (25 mph) at a height of 40 m. The smoke 
tracer results show that, for an east or west wind, the exhaust 
from a 45.5 m high stack (2.5 building heights o f f  the ground) 
w i l l  not be affected by upstream wake effects and also the 
exhaust plume w i l l  not contact the building roof for either the 
two stack locations ~nvest|gated. 

The downwind dispersion of tracer smoke exit ing from the 
stack top was determined for stack heights of 36.6 m, 45.5 m, and 
54.5 m for both stack locations. For an east or west wind, the 
plume was observed to contact the roof of the building for 36.6 m 
high stack. For a 45.5 m and 54.5 m stack, the plume does not 
contact the building roof and the plume touches the ground at 
approximately 100 m downstream of the downstream edge of the 
building. For north or south winds, plume roof contact occurs 
for a 54°5 m high or less stack when i t  is located nearer the 
upwind building edge. When the stack is farther from the 
upstream edge, the plume contacts the roof for a 36.6 m high 
stack but not for the higher stacks. 

For a north or southwind, with the stack at i t s  re lat ive ly  
farther location from the leading edge of the building, building 
wake effects extend to heights of 78 m. For a l l  wind directions 
and stack heights considered, the exhaust plume w i l l  reach ground 
level within 100 m downwind of the but]d|ng edge. also, the 
height of the roof recirculation bubble extends to g m above the 



6~ 

roof and suggests that a minimum stack height should be higher 
than 9 m. 
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Figure ~ Hind-tunnel dispersion "PDF's" and plume ou t l i ne  for  t racer smoke 
emitted from a 45.5 m high (a and b) and a 54.5 m high (c and d) stack. 

Ib 

~°" t°r '= :L 
~ "  . ~  / e . .  
li~oL.," / . J 

• me i P 

Ii 

STACK i zo ~ql'~"~-~'~-IPI 

,~,~.:~L.:~ . . . . . .  

b 

C 

Figure 

SOUTIIWtNO tsD[ j 

,.~,,o. r ~ .  ~ L 

°¢ 
~..__1 ~ 2 _ . ~  

d 

5 Wind-tunnel d i spe rs ion  "PP, F 's "  and p l u m  ou t l i , , e  f o r  Lracer smoke 
emitted from a 45.5 m high (a and b) anti a 5.1.5 m htgt~ (c and d} ; tack.  



6 8 7  

i. 

~ A S '  W l r l O  " " l  I I IIMJUIY r , . .  I 
LS~KIor4 m H - - - ' - - ' - ~ '  .-- LfJ[. 

8 

'++'+'+ '+°P- - ' I  
.#°~ ° . - - - -  t..i. 

os_r  + t"'', 
b 

> 

~ g + p  "[ , I 

P&~m. "° " " 
EASt WIND +1o[ 
• + ' ~ ' "  [ , + .  I STA m • ~,ON ' ~ ' o ~  

Figure 6 

i , ~ P  '"I + .  I 
STACK , .o I I - - -~ - - I1~  

,,+,,,,o. l t  I .  
~ t ~ , , ,  f , . . . .  i~ol, .o" I ~ 

: + ~  ~ / ~ z / + ~  -" o,,, ,oral o . .  ,oo~ ~ " 

a 

Mind-tunnel dispersion "POPs" and plume out l ine for t racer smoke 
emitted from a 45.5 m high (a and b) and a 54.5 m high (c and d) stack. 

WEST ~IND ,o f  I 

,~,,m [ ] -  

~.. I-"°oo I " ,  L.'" 
. . . . . . . . . . . . . .  i I P* i 

~71+~ ." ; ~  .+ 6,+ ,00% o*~, 1oo% 

+i,,',P~P" "'[ . . . .  l ,.=+Ir'~+,m " ~ . . .  

~''P,'-~.. l",.. 

~, -- ~ o+. ,oo . .  . . .  ' "  F ,~ .  

~ lllOP i 

+ o .  

II x o[.,,o- I..." 

7 Wlnd-tunnel dispersion "POF's" and plume out l ine for  t racer smoke 
emitted from a 45.5 m high (a and b) and a 54.5 m high (c and d) stack. 

Figure 


