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ABSTRACT

A Wind-tunnel model was used to study stack plume dlspereion
at a surface-mining site. The:lnteracflon between plumes and the
wake flows behind the'stéCks and large terrain obstacles (dikes)
was'investigated. | \

Mean flow Reynolds nﬁmber was about 25,000 times smaller ln
the wind tunnel than in the fullvscale atmospheric flow, affecting -
the dynamic similarity of the model. Stack wake flowe were found to
model downwash effects properly despite'Reynolds number mismatch, as
indicated by measured values of>baSe pressure.coefficient; "CPb ~.0.86,
for cylindefs at model conditions, which were close to'values from

Roshko . (1960) for\cylinder flows at full seale Reynolds‘nﬁmberé.
However, model dikes were found to greatly exaggerate the size of
rec1rcu1at10n zones and influence of the dike wake flows on downwind
"velocity and turbulence levels. This problem was corrected using a
deflectorhvanekmounted on the medel dike crests.

A combined—rise formulation'wds developed which predicts
both the momentum -and buoyancy effect on plume ‘rise. Momentum rise
entralnment constants, Bl,Apred1cted from a simple model froh Wilson
(unpublished) were found to yleld accurate momentum rise predlctlons
u51ng the combined- -rise formulatlon Buoyancy rise entra1nment con-.
stants B were found to vary realistically w1th changlng floﬁ condltlons.

The momentum flux ratlo ¢M was found_to be welllcorrelated with
sfaek downwash effects,:providing a means of predietioﬁ for this.
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" phenomenon.
Dike wakes were found to increase measured ground” level ..

«

: ) \ ’ . . 4 - .
concentrations (GLC) from plumes, w% a non-linear degree of severity

-

with dike height. The Gaussian disper$ion model was found to be
-adequaée in predicting GLC. A correction model wasyproﬁbéed to. account

‘for dike effects on:GLC tﬁrough,increaséd vertical plume»éprgad 6;

in the Gaussian model; ' ey
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CHAPTER 1 \.

-

) INTAODUCTION |

\
\\
5

Plume dispersion from tall industrialfstacks has'Been studied
in defail in reeent,yeafs, iargely due to the'increasing stringency
of pollutionecontrol legislation and the grewihg-éencern for a1i
industrial projects.to be aceountable for their impdct en the environ-

ment. The designer of a plént must be able to predict the maximum

levels of pollutant concentrations that are likely to occur at ground

‘level or at other points of interest.

In this study, two speeial'problems encountered in the pre-
diction of pollutant concentratlons from stacks are 1nvest1gated
Both deal with the 1nteract10n of wakes behlnd man- made flow obstacles

with stack plumes. The firstrwake“effectaJcommon to all stacks, is

o e

““the interaction of the Plﬁme gas with the wake: generated by the stack

Body, acting as a»fio&iobstacle in the atmospheric boundaryblayer
. co
This small, ke fﬁow can have a profound effect on the dynamics of the -
' ”—4

‘plume motio beCause of 1ts tlose proximity to the plume in the

.'cr1t1ca1 eaily stagé of rise, _Under ce&taln cond1t10ns, the low

(

pressure 1n,the stdck wake,cén pull, the plume down from its normal

rope

N r B e . - .
rise trajectory and cause abnormally, severe pollution effects. This

' phenomenon‘is called stack downwash and has been observed by many~iﬁ-;

vestlgators such as Slawson (1978) ‘and Fay, Escudler and Hoult (1969).
Briggs (1969) g1ves a hlstory of the study of stack downwash which.

dates back to the 1940' A 51mp1e cr1ter1a from that.era for" avoldlng

1 "‘_ o ?‘,—



downwash was to ensure that R> 1.5, where W /U is the ratio-

‘

of the stack efflux velocity to the w1ndspeed at stack height. A more

general criteria is developed in this study which uses the momentum‘

. . 2 2
flux ratio, ¢M = otpswS /ans . /

/ .
It is necessary to underetand how stack downwash affects plume | /
; ' : /

rise before investigatfzg'the effects of other plume disturbénces, /
because two or more plume-wake flow interactions are often occuring /
simultaneously, and the effects of one may obscure_the other. The /
combined effects of different plume—disturbing'factors can usually on7& d
be determined by experiment. | | | /

The second wake fiow examined in this study is‘of specific /f
appllcatlon to. the surface mlnlng 1ndustry, but also is of interest 1n
.'determrnlng the 1nf1uence of terraln obstacles on plumes in genera
On these mlnlng 51tesy/there often ex1st large ta111ngs ponds- sur-/
'rounded by man-made’ dlkes, which may become very tall (perhaps 50 lOOm)
-over extended perlods of. m1n1ng A d1ke of thlS 51ze can ea51ly et
the dominant topographlcal feature in the plant site area. Thus
the wake flows crehted by wind blowing over these dikes may sign fmcantly
affect plume beha&1our Investigations of dike effects are of dded
interest, compar@d to studying plume interaction; with naturallﬁ-f
occurring terragn obstacles, because the size and locat1on of #h; dikes
are subject to‘some control by the de51gner - o i

‘Dikes: affect stack plumes ma1n1y through the increase flow

{

: /

turbulence 1m their wakes The rate at which a plume spreads/ is
[ .

governed/hy/the amount of turbulent mixing occurrlng in the low and

thls 1s 1ncreased by amblent flow turbulence If plumes Spr¢ ad more

i

: due 1o dlke wakes it is 11ke1y ‘that h1gher~ground 1eve1 co7 entratlons

PR



will occur, and, this effeet would be of'importance to stack oesign

Dikes can also be 1nf1uent1a1 in deflectlng ambient streamlines
in the approach” flow In this way,~p1umes can be shifted bodily from
the1r normal traJectorles by d1ke induced large scale motions in the
atmosphere alteflng pollution effects. It is also possible that a
stack plume, trapped in the recirculatlon zohe immediately behind'a.
éike, could be influehced by the increased mixing in this area.

Some simple analysis provides a hint of what sort of effects
dikes would have on measured concentrations. Theisguation

-

S . (%
S ﬂeth y
~ max:

is an estimate from the Gau551anfplume model for the maximum value of
ground level concentratlon Co’ normallzed by the stack concentration,
Cs' This depends on the emission rate Q, the w1ndspeed U, the plume
height h, and the plume spreads oy and' © - The max1mum concentration
depends on the rétig of o, to oy, and extra spread 1nduced by dikg
disturbances should act about the same on oy and o » Causing their
ratio to change only sllghtly Thus, there should be little effect on:
the maximum gound level concentratlon C omax This will later be
‘shown from measurements of ground level concentrations. However, the
position, xmax’ at which the maximum concentration occurs, is very
sensitive to plume disturbances as will also be seen.

The present study employed phy51ca1 mode111ng of these plume-

wake flow interactions in a wind tunnel! The question, "Why a wind

tunnelmodel?"ean be answered in part by examining the diSadvantages



of the major alternative methods for conducting such an investigation:

Analytical methods for solving turbulent flow problems such ‘as
thls one are not practlcal because of the’ complex1ty of turbulent
flow in general. Present computers are orders of magnltude too small
to dynam1ca11y analyse an entire turbulent flow 1nc1ud1ng all eddy -
sizes from the turbulent microstructure to large scale atmosphere mo-
tions. Simplifications can sometimes be used'to produce solurions
that describe the gross motions in a turbulent flow,.such as aSspminé

o A s
an entrainment velocity or eddy viscosity model, but fhese solutions:.
are usually semi-empirical in nature. Furthermore; the‘geometrif‘
complexity of real terrain‘features, such as.buildings on abplanx site
or even a dike,f;ends>toIdiscourage attempts to obtain analytical‘solu-
eions.

Anotﬁer alternative for solving the problems in the present
study is direct full scale measurement. This method/has the obvious
advamrage of realism, but also many othervlarge disadvantages. Full
scale measurements, as compared to model measurements, are generally
much more expensiye amd difficult'to perform,~beeause of the large
tesf areas imVOIVed. Collectlng full scale data is also more time—
consumlng, because physical processes such as d1ffus1on are much slower
in the atmosphere than they are in most w1nd tunnel models, and longer
sampllng t1mes are required. Also, in full scale studies, the investig

gator must often wait for the proper atmospheric conditions or other

test configurations to be pqgsent. This is not a problem in wind tunnel

studies. .
In the atmosphere, it is often very difficult to test the simple

uniform flow cases that are desired for comparison to analytical models.



For examnle, the conditions of constant wind direction with time

. and height or uniform neutraily stable atmospheric stability ate'of
great interest as baseline cases in the analysis of plume dlsper51on
However these rarely occur in nature for sufficiently long periods of
time to allow for these conditions to be properly tested. In a wind
tunnel, flow conditions'can be closely'controlled'for‘aSvlong as nec—
essary, and it is uSualiy the simplest cases that are the,most‘easily

, modelled; This latter feature can be a disadvantage also, becanse
'sometimes it 1is desdredvto model more complex flow conditions such as
positive atmospheric stability.

Wind tunnel modelling of plumes has its own unique problems,
which are mostly cqncernedVWith ensuring an accuraté‘simulation'oflfhll
scale processes-despite certain modelling'discrepanCies. ‘At least -as
much time is nsuaily spent in develbpinévand vefifying the model as is
spent 1in Obtaining the desired measurements. In thls study, problems
were encountered with Reynolds numbet effects on the stack ‘and ‘dike
wake flows, becadse the tunnel was operatéd at much lower Reynolds num-
ber.than the full'scale'atmospheric flow. Wake flows are generaliy |
Reynolds number dependent and this required a careful 1nvest1gat10n
of the flow past model stacks and dikes, so that their effect on plume
Adlsper51on would be-accurately slmulated.‘ |

The detailed objectives of.the present study werec'~

(a) to investigate Reynolds number effects on flow past stacks

and- dxkes 1n a wind tunnel and ensure a correct model of

o
SN

thesezflows
(b) to determlne how stack downwash affects plume Tise, ‘and to:r‘

develop a general rise model which 1nc1udes these effects
—m— . . )



(¢) to determine how dikes affect piumés_through measured -

ground level concentrations.

o



CHAPTER II

THE WIND TUNNEL MODEL

Introduction

In this chapter, a descrlptlon is given of the wind tunnel
model and experlmental techn1que used in thls study | An 1mportant
feature of the model, 1ts 1nab111ty to match mean flow Reynolds num-
ber to full scale, is-also discussed.

.

Modelling a Buoyant Stack Plume

«

A hot gas emitted from a chimney has the characteristics of
both a jet and a buoyant plume, interacting with a turbulent cross flow.“
Modelling this Very_complicated’flow requires first theé accurate simu-

lation of the 1mportant turbulent and mean flow velocity characteristics’

of the atmospherlc boundary layer in which the stack is 1mmersed

’“Unce this is done, the approach flow to the stack may be'characterized

w

by-one scaling velocity, which is‘usually'the windhspeed at stack height’

'

S

Many dlfferent methods exist for determ1n1ng the correct model

values of U and the stack gas 1n1t1al conditions to accurately model

-a g1ven fullgscale stack. One of the'major differences'among-these

methods is the way in which the plume buoyancy is characterlzed Lud-
wig and Skinner (1976) and the present study employ the flux mode111ng

method, . where ‘the flux of buoyancy force- emltted from the stack

[g (p - p )w Wrz] ; is consldered to be the-relevant parameterdfor

7

§



describing-continuous buoyant plumes Other modellers such as Isyumov

Jandall, and Davenport (1976) have used the densiometric Froude number,

U

: s
‘i(paf‘:Qs)f
g —— d
o, ©

Fr = 1/2

to characterize plume buoyancy. The Froude number actually correctly

models buoyancy effects for a q;screte parcel oﬁostack gas.
Recent,studles by Winkel (1979) have shown that the flux

modelling method accurately models plume trajectories for plumes where

both momentum and buoyancy effects are 1mportant, oltr a'w1de’rangevh

jof plume density ratios p /p " In the present study, den51ty ratlos

. were not varled and the flux modelling method used is summarlzed

©

below.

The follow1ng three parameters are equated between model and

full scale (prototype)
. (1) . The huoyaney_flux parameter; )
| T - o o

: T N 2 ‘ .

R {CRE R L) |

B S & | .

~ . p. U X

(2) The momentum flux\parameter,'

e ™™ p'U2

e - Vs
(3) The density ratio between stack gas and the atmd$phere,
E o p /p Slmulatlon of full scale thermally induced den-
- sity ratio was obtalned using moiecular(welght 1nduced _
den51ty ratio at constant temperature S



a

In addition, stack-exit velocity profile shapes are modelled
as closely as possible to full scale shapes, characterizéd by their

kinetic energy correction factors,
3 ’
2 ¥r
a = "7 [T } rdr ) ' (2—1)

where a is the ratio of the mean kinetic energy flux to the kinetic
energy flux found using the profile mean velécity, w_. In (2-1),

W, is the local stack gas velocity at a given perimeter.

In the present modelling method, all model lengths scale by
the same factor, which is the size reduction ratio for the model.

Combining all the above criteria, the modelling relations for

windspeed Us and stack gas average velocity W become:

r, J1/2 1/4
Ysp 9 oy ‘
U R o
M _de‘ % | | (2-2)
q1/2 . 3/4
"o 4, 1
Wom |4 %

where the subscripts '"M" and 'P" refer to the model and prototype values,

respectively.

Present Wind Tunnel Model

The present study was conducted in the Low Speed Wind Tunnel
-faeilitx §hoﬁﬁ in Figure 2-1, located in the Department of Mechanical

Engiﬁeéfihg;_University of»AIbefta; A1l experiments took blége in the

lower-test section in the configuration shown in Figure 2-2. The test

~
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section was 2.44 m wide by 1.22 m hiéﬁ'by 1lm long.

The model plant site, shown in the lower photograph oleigure
2-3, was an 800:1 scale reduction of a typical oil sands strip mining
site, with flat terrain features except for tailings pond dikes tested.

-Two plume models, denoted as A and B, were tested,'witﬁ stack
conditions for ea;h as described in Table 2-1. Plume mddel A used an
open stack tube with laminar exit flow (@ =2), while model B used a
stack tube with a porous plug installed near the exit, which was
developed by Winkel (1979). 1t produced a turbulent stack flow (a=1.2
with measured turbulent ih£ nsities of about iu =‘0.2. Compared to full
scale stack flows, which an generally turbulent with flat velocity

profiles (o = 1.03), plume’ model B was a more accurate model.

Reynolds Number Mismatch

In plume modelling with (2-2), it is not implied that Reynolds
number, Red = Ud/v , is kept constant between model and prototype; in
fact, larée mismatches in Reynélds number often occur. These are
inherently present due to the size reduction of the model, but will
be even greater if velocities in the model are lower than full scale
-velocities. For example, for plume model B,

Re Ulod v

L
RedM‘~ _ UM‘ dM vp

(29.80) (800) (1)

2.38 x 104

so that the model Reynolds number was more than 20,000 times smaller than
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>TABLE 2-1: STACK CONDITIONS FOR MODEL AND FULL SCALE PLUMES

1.006

0.8604

Parameter Model A Model B Full Scale Equivalent
Stack Height, hS 22.86 cm 22.86 cm 183m
Inside Diameter, d 0.99 cm 0.99 cm 7.92 m
Stack Gas Density
Ratio, Os/pa\ 0.554 0.554 0.554
Kinetic Energy 2.0 1.27 1.03
Factor, o .
Stack Gas Condition laminar turbulent turbulent
A* . B*
Wind Speeds at 0.5 0.45 |- 16:7 13.4
Stack Height, 1.0 0.90 33.4 - 26.8
Us(m/s) :
Stack Exit
Velocity, ws(m/s)

46.8 28.5

X

* Full scale equivalent

frbm (2-2) for -models A and B.
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the full scale equivalent. For plume sodel A, the ratio of Reynolds
s 4

~ number was 2.67 x 10 .

In‘physicallmodelling of fluid flows, a mismatch in Reynolds
number means that the model flow will not be dynamically éimiiar to the
prototype. This would certainly apply tb the preéent étudy considering
the large (fourth order) mismatches calculated above. However, the
modeller can take steps to ensure thaflan accurate simulation is obtained

in spite of Reynolds number mismatch. For the gross dynamics of the

plume motion, this was ,already accomplished by the choice of 'the dis-

torted model velocity scales using (2-2). For flows around the plant
site obstacles and terrain features which could significantly affect

the intended measurements in the present study, a careful investigation

of Reynolds number effects was required, as given in Chapter III for

o

stack cylinders and in Chapter V for dikes.

Modelllng the Atmospherlc Boundary Layer :".

Reynolds number mlsmatch also had a 51gn1f1cant effect on the

: method used to 51mu1ate the atmospherlc boundary 1ayer into whlch plumes

were emltted

:Théinundary layer was artificiaiiy‘créated“byﬁthe use of a

_passive system,_whéfehthe turbuléﬁt'flow gradually developed as it

flowed past a 'series of fixed obstructions. The system used was of
the type first developed by Counihan (1969) and.consisted of the

following three sets of turbulence generating elements:

-
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' : Velocity
profile

barrier

' » roughness |
F

. - spikes
)//—_

(1) A roQ of seven 1 m high‘tapered~spikes extending -to
near ehe top of the tunnel section.‘ Toese produced a -
'source of vertlcal -axis vortex motions and also ‘a means
of adJustlng 1etera1 unlformlty of veloc1ty across the'
. tunnel by varying the spike spacing and .angle of attack.
(2) A low (10 cm) barrier wa11~mounted downstream 0of the
| spikes and extending across the width bf the tunnel.
‘This provided a eourcelof'horizontai—axis vortex motions
and a slowing of velocity near the floor surface to
- obtein the type of power law mean ‘velocity profiie showo .
. above. |
(3) A 10 m length of tunnel floor section covered with
roughness eiements, 3 cm and.6 cm high. These‘wefe
randomly distributed, but in a uniform density on each
roughness -panel, which was 120 cm Square.‘ fhis roughnees
provided further turbulence generation near the "ground”
and allowed the. developlng boundary layer to become later-

ally and longitudinally uniform.



14

Reynolds number mismatch in the model_affected the design of
the turbulence generation system in two waysr

First, the elements were made sharp—edged. This meant thatrv.
flow separatlon points on the elements were fixed at the edges, ‘causing
their wake flows to be very 1nsen51t1ve to Reynoldslnumber. Thus, the
model boundary layer coulddmaintain its characteristics over thef’
range of model windspeeds tested. e

Secondly, the elements were built very large (24 and 48 m high
in 800: 1 scale) in comparlson to the equlvalent full scale terraln
roughness of a forest. Thls exaggerated flow dlsturbance was needed
'because the boundary layer was to be created- w1th 51m11ar turbulent
.1nten51ty as in full scale, but at four orders of magnltude less Reynolds
number. The size comparison can be seen in Figure 2-3 where the size
-of the investigator is much larger ‘in comparison to the 800:1 plant
model shown in the lower photograph,‘thanbto the spikes, barrier and

Toughness shown in the upper‘photograph.

Turbulence and Mean Veloc1ty Measurement

Measurements of mean Ve10c1ty and turbulence were taken with
linearized constant temperature hot-wire and hot-film anemometers, as
.vshown in Figure 2-4. A DISA'fype 55D01 hot-wire anemometer was used
in the development of the boundary layer and a Thermo-Systems Inc.

(TSI) Model 1050 hot-film anemometer was used for all other work.
Single—wire probes were used to obtain mean windspeed U and'turbulent
.intensity '_iu ='{T§?/ U, while'xfwire probes-werenusedwtosobtainu‘
ye10c1ty components in the three coordlnate dlrectlons o

Durlng the tr1a1 and error adJustments to produce the 51mulated:"

1

Y



boundaryblayer, surface rouéhness elements were present-aloné:the'

entire 10 m length of the test section,'later thelﬁlanf“Site”model

A ST S

replaced the last 5'm of roughness ebements as shown in, Figure 2- -2,
Vertical profiles of mean and turbulent VeIOC1t1es were taken j.i

at the stack location, and are plotted in hiéure 2- 5 Also a compari;

'son was made by Wilson (unpublished) of characteristic boundar}'layer

Vveloc1ty parameters between the measurements and full scale data: of

Counihan (1975), as given in Table 2- 2 ’ The full scale conditlon.inb}b
Table-2-2 is representative of a neutrally‘stable atmospheriC'boundary_:““
laYer.over wooded.terrain, and:the model boundary layer is seen to be

"a close match to this COndition.

Lateral and longitudinal uniformity of the model boundary layer
were;also tested and found to be very"good. Mean.veloqity was laterally
uniform to + 6% of the tunnel centerline yalue over.about the central
80% of the tunnel width,'while turbulent_intensity iu was.laterally
'uniform to‘i_lO% over ‘the central 50% of the width. Turbulence intensity
was-longitudinally uniform to + 10% of thevaverage value along a 4 m I
Iength'of testvsection beginning near .the farthest upwind point of the
plant site location. This indicated that the boundary layer was already

in equilibrium before reaching the test section where dispersion mea-

surements were later carried out.

] Concentration MeaSurement

| The stack 83335 lnvthe model plumes were composed of helium—: L

K

‘fair‘mixtures He11um served as both the SQUrce of buoyancy and as the

S . . ! .x EE
- - . - o

)tracer gas to model contaminant concentrations Conditions between the

: model stack and tunnel were 1sotherma1 and 1sobar1c, therefore measured

P N
~

,,,,,,,,



' TABLE 2-2:

(from Wilson [unpubllshed])
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COMPARISON OF WIND TUNNEL BOUNDARY LAYER WITH FULL
SCALE ‘ATMOSPHERIC DATA OF COUNIHAN (1975)

Parameter

Wind Tunnel

|'800:1 Scale

Full Scéle Neutral

Stability with same Zb

. RnghneSS height, ZO

. Mganﬂyeiqci:x.pow¢rxim'

g e e w

Boundary layer thlck—
s oness, 8-l o~ e

 :("§f-0,5‘«.f»,u:-
-30m .

—_— @

0.5

~21]0.5

= e 30m
2

@ 30m

ool €]

(2
T @ 30m

Integral Scale,_Ax

e 100m
I N R I S

0.4m

0.18. (Z <160m)
-0.30 (Z >160m)

{650 +-750m

0.00236

- 180m

@ @
NN

1am;,”zmm

R
0.14

Fixed at 0.4m

0.20 + 0.03

600m (épprbx.)

1.9

0.75 + 0.15
0.50 + 0:1
0.00251 + 0.0005

0.20 0.03

| +

130m + 50

¢+]+

S
+ 0.01 - -

)‘-_* Datg’fr9niHinie;CIQZS)fp;f643,Aﬁ;L729{L”A;Lf
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volume concentration‘ratios C/C' could be interpreted as“mass concentra—
tion ratibshx/x . This is not true for full scale hot plumes

The procedure used to measure hellum concentratlons shown
schematlcally in Flgure 2-6; was to asplrate a sample from any desired

- :
point within. the plume and feed ‘it to a heated element four arm thermal

conduct1v1ty brldge of ‘the same type used in commerc1a1 gas chromatograph

‘The bridge was calibrated for helium volume: concentratlons by taklng

'}’samples from helium-air mixture- streams of measured volumetrlc propor—

tlons u51ng.rotameters? The response Was llnear at 0. 45 m1111volts per
ppth of helium. )

.Another~sample “called the “reference" was taken 51mu1taneously
with the plume sample from a stat1onary positidn’ upwind of the plant
site model to account for background levels of helium in the recir-
culat1ng tunnel. The voltage output (1 balance) of the bridge instan-
taneously measured the net plume concentr tlon

Using the HP5326B voltage to frequen y converter countlng DVM
(w1th external clock timer) shown in Flgure 2 6 four consecutive 100-
second time averaged readings of net. concentratnon were taken at each

\

measurement location. The lower photograph 1n\F1gure 2 7 shows the
\

concentratlon detector equipment in operation, Qlth the traversing
Qu

mechanism mounted in the tunnel to move the concentration sample probe

in a straight line for profile measurements.

An example of a measured vertical concentration profile downwind

“of ﬁhe-stackdis given'in'Figure 2;8, where the upper plot shows the

tive 400 second average readlngs.

scatter of the 100- second samples and the lower plot shows the cumula-

""‘h".“Ax'.

AR



Sampling Time

Coneidering that a‘plume travele downwind essenrielly_ar{rhe -
mean windspeed U, the elapsed time fffor it‘to £ééch'é given‘dewnwind
position x ie about x/U. Thé comparisen‘of'such a time scale between
model and full scale cond1t10n§ glves an estlmated comparison of how -
“fast phy51ca1 processes are taklng place between the two conditions.

Thus,

o+

o*'ac"‘j
>~ .
=

In theepresent‘model,‘(xp/xM)'= Cep/dM) and UP/UM may be found from
(2-2), giving '
p 1/2

LS £ _ - (2-3)

..tM;i OLM dM.

[
~
+
(a8

o

vU51ng (2 3), the cumulatlre 400- secenduaveraged‘readlngs of- c0ncentra—”'u
- tion,’ such as shown in Figure 2-8, are seen to correspond to estlmated'
full scale sampling times of 2.7 hours" for plume model A, and 3.0
hours for plume model B. These estimates are probably tooAhigh if
anythlng, ‘because although measured full scale plume spreads 1;crease
with the amount of sampllng time due to wind dlrectlon varlatlon with
time, measured wind tunnel plume spreads, wh1ch are not subJect to

changes in weather tend to become 1ndependent of sampllng time after

a certaln perlod of sampllng, and (2-3) is no longer appllcable

~
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Adjuéting’ the Kurz anemometer for windspeed.at “stack height

FIGURE 2-3: TURBULENCE GENERATION SYSTEM AND PLANT MODEL
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Measuring a vertical profile

FIGURE 2-7: DIKE MODEL AND EQUIPMENT SET-UP

25



FIGURE 2-8:
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VERTICAL CONCENTATION PROFILE DOWNWIND OF THE

STACK (x=100 cm) FOR PLUME MODEL B



CHAPTER III

el

< - FLOW- PAST CYLINDRICAL STACKS * * o =" ™ = ¢

Introduction

In this chapter, the Reynolds number sensitivity of flow‘arouﬁd__
cylinders is examined, and_applied to the modelling of wakes béhind |
cylindyical stacks. Because of the mismatch in mean flow Reynbldg'
number in the present model (see Chapter II), different fiow character-
istics are expected for‘del and full scale stack wakes These dif—.
ferences may be réflected in a poor 51mu1at10n‘%f the stack wake effect

{
on plume dynamics.

Cylinder Pressure Coefficient

P

The static pressure coefficient,

: p-P -
Cp = gy ~ (3-1)
|3 1 2
s P Uy \ N
\,
P
P, P U Stagnation <«

Base

%’ 1°° Point

’

measures the normalized pressure at any point in a flow and is often
A ‘ o N
used in pressure drag calculations for flow obstacles. When applied to

the base (8 = 180°Y of a cylinder, the cylinder base'piessure coefficient

27
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CPb’ is obtained, where
| » o = - base o . . : (3-2)
R < B S e "
T BT et e e e 2., meOO PO L . e b .‘ _u‘. ?"

Becausewghe local pressure defect, (P-- P_ ), is fairly‘éonstant at all
;angular‘positionsvon Fhe‘;ylinder,past the poin£<of flow separation,“
Cpb e%fectiVeiy_measures the magnitude of the préssurg defecf forvthé
Aentirg‘initial wake region, and is é cpmparatiVe wake'§ucfign'pafémetef’
'lfo;>ﬁqdel and full scale conditions. Coffectgmédeliing“ofnStack wake
effé@ts on plume dynamics in a,wind tﬁnnél éhoﬁid‘thén éépenavo; ﬁéfﬁhf
.ing Cpb to full scale, although'tﬁis is only a simplg criterié which
neglects othefﬁpossib1y importént effects suchHQS“waké*sizefanQ turbu-
lence 1eveig. .Vélugs of CPb are-eithef available from previous studies

or are readily measurable, addihg to the usefulness of this parameter.

h

Infinite and Finite Cylinders

A stack is a finite cylinder, and thereforé some aptention should._
be paid to the top end.gffect on Cpb,bespecially'becéuse the region of
the stack wake flow near the gbp of thé stack is iﬁ élosest'proximity
to the plume and will exert the greatest influeﬁce on its dynamics.
However, data for infinite cylinderé was usag exchSively“ih this study‘
and assumed to apply to fhe top portions of stacks, thus neglecting
the end effect. This choice is supported by‘Eﬁevfollowing afguments:

Thé end effect of a stack.top is likely much less severe than
that caused by a flat cylinder end, due to the vertical jet of Stack

‘gas acting-as a cylindrical flow obstacle in continuation with the

stack. This hypothesis is strongly supported by the work of Moussa,

N
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Trisghka,‘end Eskinatib(1977) who conducted deteiled floﬁffield'mappinés ‘V'v
of jets emitted from cylindrical pipes in e~crossflow; ~Asrshqwq'in' |
Figure 3-1, they feund that ”the'ieading<surface"qf ebjeti acting as’>_
:,Ea barrler to the crossflow is_que?titatively.very close to that of a’ -
rigid cyllnder Shed vortices are éonti;eees*w;th tﬁe?pipé; and are”.’
tcharacteristic of the pipe.”‘

- Although Moussa's tests 1nvolved high-velocity jets with no
downwash, all stack plumes‘would be expected to exh1b1t ‘someof the
‘:above behav1ouﬂ~because even severely downwashed plumes tested in the
 present study were found to possess 1n1t1a1 yertlcal rise of at least
one diameter above the stack exit. |

It therefore seems likely that flow‘near the top ef.a ste¢k
is very similar to.flow past an 1nf1n1te cyllnder and that C Pb Valuesk
are probably also very close Even 1f absolutehvalues of CPb are not
exactly the same for infinite,cylinders as for stack tops, a relative
'ﬂcomparlson between values at high full scale Reynolds numbers and values
at low model Reynolds numbers in each case would llkely be very 51m11ar
_ because the flows themselves are very similar. Thus, conclu51ons re-

garding Reynolds number effects on infinité cylinders would be expected

to apply: to stacks ‘also.

v

Cylinder Flow at Varying Reynolds Number

Variations in cylinder base pressure coefficient withﬁReynolds

" number, Rey = Udo/v are closely tied to flow transitions that take

o .

place at various values of Rey . Tt is therefore helpful to outline the
o

flow regimes that occur as Reynolds number increases from zero to full

. scale values for cylinders.



30.; .

The first major flow regime is the subcritical regime, which -
exists for all Reynolds numbers up to the so-called "lower transition'

5’< Red < 5.x 105; In the sub-
o

cﬁitiéalvregime,.the flow separates from the cylinder while the devel-

point, occurring in the region 2 x 10

; qping.boundqry layer is still laﬁinar. This happens,at.abouﬁ 6 = 80°;u
'kcéﬁéiﬂg'a wake flow wider than t%e cylinaer d1ameter.

- According to the data compiled by Griffin (1977), shown in
Eigure 3-2 as dashed lines, values of base pressure coefficient may be

. - 4. . . . —' [ - N _ 3 _
taken as approximately —Cpb = 0.9 below Red6 = 10" and -chb = 0.8

= 103. Data compiled by Sachs (1972) shows that QC

d - Pb
0

to a maximum value of about -Cpb = 1.2 at the lower transition point.

In Figure 3-3, plots of pressure coefficient, C

above Re increases

p» against

-angular.position, 6, are given for various flow regimes, as compiled

by Roshko (1960). The subcritical regime is represented by the curve

from Fage and Falkner (1931) at .Red‘ 1.1 x 105. The long flat sec-

0 . .
tion beyond the separation point at 6 = 80° shows the nearly constant

value of static pressure throughout all the rear surface area. of the cy-

linder beneath the separated flow. Values of —Cpb

Fal?

P . ) . .
subcritical>regime because the CP curve flattens out due to separation

are large in the

before it has a chance to return to smaller values, as it did in the
other curves in Figure 3-3.
The second major flow regime for cylinders is the supercritical

regime, and extends from the lower transition point near Re =105 to

d
o}

an upper transition point, which occurs within the region
6 . ' .
10 ~<Red <3.5x 106,_accord1ng to Roshko (1960). In this supercritical
)

regime, the cylinder boundary layer undergoes a transition from laminar

to .turbulent flow prior to separation, allowing for a later separation
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point at about 6 = 120°. Also, —CP drops'éteepiy to a low value of

b

about -CPb ='O.2, as shown by Flachsbart's (1929) data in Figure 3-2.

The exact magnitude and location of this drop are sensitive to approach
flow turbulence, so that Flachsbart's curve can only be regarded as

typical of the ‘supercritical regime.

In Figure 3¥3,‘thé data from Flachsbart (1929) at Red = 6.7 X lO5
, . o

represents the supercritical regime. The small flat in the"curve.near
8 = 105° is probably evidence of a laminar separation "bubble" [Roshko

(1960) ], 'in which static pressure would be expected to remain constant.

. . ) R 4
Bursnall and Loftin (1951) have shown that in the supercritical regime

for cylinders, alocalized laminar separation bubble occurs before the
turbulent transition, reattachment, and subséquent turbulent separation
of the flow from the cylinder. Roshko (1960) has observed that the

apparent disappearancé of this bubble may be linked to the upper transi-c

tion at about Red = 106.
o

The third flow regime is the transcritical regime, and exists

at Reymnolds numbers above the upper transition point. In this regime,

~

|

forward on the cylinder to about 8 = 90°. This return to an earlier

the turbulent éeparation point is‘\observed by Roshko (1960) to move

separafion and larger wake flow, as in the suBcritical regime, is matched
by a return in pressure coefficient values to subcritical-like valueé,

as seen by Roshko's data in Figures 3-2 and 3-3. Roshko (1960) also
suggested that no further transitiohs are likely to take place at higher
Reynolds numbers, because the point:of boundary layer transition to

turbulence can now only move very gradually forward on the cylinder.
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Ihplications of Reynolds Number Mismatch

-Because typical model Reynolds‘ﬁdmbers for the’preSent study'

- were in the region 3 x 102<<Usd0/'v ?8 X 102, ;hile the correséonding
full scale Reynolds numbers were iﬁ the region 8 x lO6 < Usdo/v <2 x 107,
it is apparent from Figure 3—2'thét model Cpb values should be very
close to the full scale values at about _CPB = 0.86.

To further test this hypothesis, a study was conducted in the>
wind tunnel with a long cylinder immersed in the turbulent model boundary
layer described in Chapter II. As shown in Figure 3-4, the cylinder
was hollow, wigh the same oupside~diameter, dq@f'l.275 cm, as fhé model
stack. However, unlike stacks, ii,extended over the.entire test sec-
tion heighf, to eliminate end effects. Pressure taps were drilled
along the cylinder base at four different heights, as shown in Figuré
3-4. Only one was left Qpen\dufing a specific test; tbe rest.were sealed
with tape. “

To obtain CPb’ it was necessary to measure the very small dif-
ference between the cylinder”baSe pressure and the approach flow static
pressure, which differepce was approximately 0.005 cm of HZO gt
U=1m/sec. A Validyne Model DP45 differential pressure transducer
was used, with one input connectedito the inside of cylinder tube,
which was uniformly at the outside cylinder base pressure, and the
other input connected to a static pressure tube mounted in the approach
~flow at the same height as the base pressure tap being usea. The trans-
ducer thus directly measqred the p{eéiyre defect, Pba;e - Pm.

The approach velocity, Um,‘was measured with either a pitot-

static tube (>-2 m/sec) or a Kurz Model 435 hot film anemometer (0 - 2

m/sec), positioned at the same height as the pressure tap being used, so
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AN

that the local velocity withAheight was obtained. This local yelbcity

. was clearly thg-correct velocity to use, as seen in Figure 3-2Z, where

the'measﬁred values of Cpb vary smoothly with Reynolds number. The
smoothﬂcurve through the data gives a more éccurate prediction than the
suggested approximate values by Griffin.(1977)p 'TUrbulence variation
with height in the approach flowfdid not significantly affect CPb' .
Because of'the fortuitous match in base pressure-coefficient
values between cylinder flows at model and full scale Reynolds numbers,
.modgi\étack wakes are.expecfed to exert the same influence as their

full séalg counterparts on plume rise, despite the large Reynolds
AN

« number misﬁhtgh.

e 6D
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FIGURE 3-1: VORTEX SHEDDING FROM A JET [FROM MOUSSA, TRISCHKA,
_ ’ " AND ESKINAZI (1977)]
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- CYLINDERS [FROM ROSHKO (1960)]
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CHAPTER 1V

PLUME RISE AND STACK DOWNWASH

Introduction

In this chapter, the stack wake effect on plume rise is in-
vestigated. Most authors, in the study of plume rise, have tende&\f\~—~”’////,
to either ignore downwash Eompletely, or have simply quantified the
doanash effect on plume éise without providing’ the means for predic-
“tion of this phenomenon. Before understanding downwash, one must
first understand how plumes rise without downwash, and much of this

chapter is devoted to this topic.

Bﬁoyant Plume Rise in a Neutrally Stable Atmosphere

From full scale observations, Csanady (1961) has divided the
plume trajectory from a stdck into a number of phases: an intial
vertical '"'jet" phase, where momentum effects dominate the rise, a
bent-over ''thermal' phase, where plume buoyancy dominates the rise,

a "'break-up" phase, where large atmospheric eddies separate thé

plume into fairly discrete puffs, and a "disperse" phase, where smaller-
scale atmospheric turbulence dominates the motiédé‘;;>the dispersed
parcels of stack_gas. ’

Although the distinction between the first two phases is use-
ful in determining how plume momentum and buoyancy effects are dif-
ferent, it is evident that the initial jet gradually and continuously

transforms to a bent-over thermal. Therefore, one continuous formula-

tion was sought to describe plume rise from stack exit to the termination

<
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of buoyant plume behaviour.

Briggs (1975) has derived s;ts of governing differential
equations for the vertical and bent-over phases of rise for a contin-
uous plume, from relatiohships for the conservation of mass, buoyancy,
and momentum. In the case of neutral atmospheric stability (no change

3
in ambient potential temperature—with height), which is the case
modelled by a uniform-temperature wind tunnel; these eqﬁations simplify
greatly, as described below.

For b&th verticai and bent-over plumes in neutral stability,
conservation of buoyancy requires that the buoyancy flux as a.function
of height, FZ, is constant and equal to the source buoyancy flux,

F = g([?a - p;/pa)wsrsz. The potential temperatures of both the plume
gas and the ambient air are constant, due to the assumption of adiabatic
motion for the former, and the condition of neutral stability fof the
1att;r. Therefore, the total (integrated) amount of buoyancy force
exerted on the plume must be constant with height. Adiabatic plumes

do not include those wifh condensation or evaporation taking place, or
with large radiative or chemically-induced heat transfers.

Conservation of momentum, combined with the above result from
conservation of buoyancy, yields the same equation for both vertical
and bent-over plumes:

d (wV)
dz

(4-1)

£||-n

In (4-1), w is the characteristic vertical velocity of the plume and
V is the plume volume flux divided by 7 (see Briggs (1975) for exact

definitions of the integrals for the vertical and bent-over cases).
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Equation (4-1) was derived by applying the Navier-Stokes
equations to a plume element assuming only pressure and gravity forces.
The viscous force term was neglected, bypassing the impos;ibié task
of directly computing viscous effects in the turbulent microstructure
for the entire flow. 1In orderAto account for this omission, a bulk
assumption for the effect of turbulent mixing‘in entraininé ambient
air into the plume was later made in the mass conservation equations.
This is presently the only practical way to account for viscosity and
provide a closed set of equations. However, it limits the analysis
to prediction of only the gross plume motion (centerline rise).’

The equations which arise from conservation of mass takevdif—
ferept forms for vertical and bent-over plumes, but have similar

character, as shown below.

v — iz
Vertical Plumes: dz % 2vB-l(W y) (4“2)
dv = 28,3 (43
Bent-over Plumes: dz

In the above equations, w and U play similar roles in that
they are the charactéristic plume velocity along the plume axis in
each case. The parameters Bl and 82 are the Taylor.entrainment
constants, [Taylor (1945)] which are relatgd to the bulk assumption
for entrainment, described belowp

Consider a small portion of a circular plume in an arbitrary

axis direction, s, as shown below. h A
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The plume is imagined to have a unifofm velocity v within a
characteristic plume radius, r = V/VS . This is the so-called
”top-hat” plumé model. .

Entrainment of air into the plume is assumed to occur thfough
the sides at the uniform velocity Ve By the Boussinesq approxima-
tion, where the plume density. is taken as equal to the atmospheric
density in all terms except those ‘describing buoyancy, mass conserva-
tion for the plume element may be évaluated using volume fiuxes:

jg vds + v 2mrds = )[{. (v_ + dv )ds
s e s s

Is

A v . A + dA

With the definition for volume "flux' parameter, V = (1/ W))SYSdS,

and in the limit as ds -+ 0,

dv = 2rve ' . (4-4)
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Alternately, (4-4) can be expressed in terms. of plume fadius, as

T

d_r = v - £ d_\_li . (4_5)
77 de e 2 ds T |
(
The Taylor entrainment assumption enters through the choice
for Vo u51ng Ve T BIW' for vertical plumes and Vg = Bzw for

bent-over plumes. Subs$ftuting these expressions into (4-5); the

following expressions are obtained:

Non-Buoyant Vertical Jets: o - %8
Buoyant Bent-Over Plumes: '%%‘ - B2

The hypothesis that plume radius grows lineariy with héight has been

experimentallyvconfirmed for full scale buoyant plumes by Briggs (1969)

and Bringfelt (1969) uéing photographically measured plume radii.
Equations (4-2) and (4-3) are oﬁtained by the substitution of

the Taylor assumptions for ve into (4—4);

Combined Rise Formulation for Momentum and Buoyant Rise

Because the conservation equations for momentum and buoyancy‘
have been reduced to one equation, (4-1), for both vertical and bent-
over plumes, it was postulated that one continuous plume rise solution
could be obtained which would account for both momentum and buoyahﬁy

effects. Transforming (4-1) into the time domain with dt = dz/w, the

following is obtained:

d (wV)

e - F

After integration, the solution is
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wV = Ft + Fy ' (4-6)

The constant, FM, is the value of the momentum flux, ;\/, at the
source (t=0). 1In this analysis, there is no density included in the
momentum flux terms because all plume densities are normalized by pa,
which is the assumed constant density for the flow by the Boussinesq

approximation. Thus, density in the initial stack momentum flux must

also be normalized, so that FM becomes ) )
R ; ‘
Foo= a— w2 (4-7)
M Py S S '

The kinetic energy factor, a , from (2-1), is needed to obtain the
correct total momentum flux when using the average stack gas velocity,

w .
s

A dilemma now appears in that there are two possiblé entrainment
assumptions in (4-2) and (4-3) to combine with (4-6). Choosing‘for now
) .

the model for bent-over rise, the plume radius follows dr/dz = and thus,

2
r = Bz Ah + T where Ah is the plume rise above the stack exit and

ro is the initial plume fadius. From the definition for plume radius,

the volume flux is simply V = Urz, and the vertical plume velocity is

w = dz/dt. Combining all of this, the following is obtaihed:

" ' - ’ v
- 2 dAh
wV = U (B, Ah + r) T (4-8)
Equafing wV from (4-8) and (4-6),
_ 2 dAh
CFt + Fy = U (B, &h + r) It (4-9)
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Assuming initial plume radius r, = 0, (4-9) may be directly integrated

to obtain

\
- 3F
m® o= e =2 £ (4-10)
BZU' 282U

Examining (4-10), it is seen that the fifét term has precisely
the same form as the '"1/3 law" for bent-over jets, which has been
shown by Patrick (1967) to be accurate in predicting the rise of jets
in a cross-flow. Also, the second term has precisely the same form as
the JZ/S law'" for buoyant plumes, which has been show? by Briggs (1970)

to be applicablé to the rise of bent-over buoyant plumes. Thus,

(4-10) is very informative: it shows that momentum rise and buoyant

rise should add as the sum of cubes in a combined formulation. It seems

{ogical then to solve the dilemma of choosing between the two possible

entrainment assumptions by modifying (4-10) to include Bl in the

momentum rise term, and to retain B, in the buoyancy rise term. With

2

this modification, and transforming the equation back to x dependence

using x = Ut, the combined rise formulation is obtained:

g
3F ;
mP e v S (4-11)
BlU ZBZU i
. : ’ Y
which is valid only for a uniform velocity U with height. Equation

(4-11) is no longer a true solution of the differential equations, but
a combination of the 1/3 and 2/3 laws for plume rise.
A fimite initial plume radius, ro,’can be included in the com-

bined rise formulation by retaining Ty when integrating (4-9). The
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result is . R
3F T
" 81U 283U 2

uSlawson (1978) derived a similar result includiﬁg r for ;{uﬁéf?ise %F&'
stable atmospheres. Equation (4-12) was not found to be useful in
this study:becéﬁse the correction term;\rO/Bz, became unreasonably
large near the stack, using ro= rs} Therefore, the use of T and
(4-12) was abandoned.

Equation (4-11) may be simplifiedbby the definition of length
scales for buoyant and momentum rise. Winkel (5979) has identified

a ‘momentum length, LM’ where

With these, (4-11) becomes

e’. 2 Al
i Ah3 _ 3x Lﬁ . 3x2 LB
B2 287

" Measurement of Plume Rise

Plume rise values, Ah = h - hs, were measured for plumé model

B in the turbulent shear flow at windspeeds US =,0.45 and 0.90 m/s.
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. Vertical concentration profiles, like the one shown in Figure 2-8,

P

were taken at a.nqmber gf doWnyin% positions from the stack, from

X =1 cm (8 m full scale) to x = 270'cm (2.16 km full scale), usiﬁg the

methods described in Chapter II. The measured,profiles were fitted with
ground—reflecteqaGaussian distributions (see Chapter VI and Figure 6-2)

and the plume héight h was defined as the distance from ground level

to the centerline of the unreflected Gaussian source profile which

‘would generate the measured reflected profiles, as shown below. In

all cases in this study, the plume height defined in this way was

identical to the height of the point of maximum concentration on the

‘
measured profiles.

AN .
o

Reflqcted
Gaussian
(fitted to data)

Unreflected
- Source
Profile

Maximum
Concentrati
Point

Ground

Level

Measured plume heights for model B are-plotted in Figure 4-1.
Plume trajectories were also measured by Winkel (1979) for

three variations on model B, denoted as models Bl, B2, and B3.

These plumes were tested with one windspeed, US = 0.45 m/s, and had
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the same stack gas aVerage‘veldtity ws, denSity ratio ps/pa, stack

diameter d, and stack location as for plume model B. * ' The conditions

that were varied are outlined below:

(1) ﬁhdel Bl - The stack plug was removed, causing a laminar,

u

parabolic stack velocity profile with. o = 2.0 (a = 1.27 for

model B).

(2) Model B2 - The turbulence genéfation system and plant site

(3)

was dor -

,model were removed from the tunnel, causing a uniform laminar
crossflow to approach the stack. .The stack height Qas raised

to hS = 45 cm (hs ; 22.86 cm for model B) to avoid the shallow
bo&ndgry layer on the tunnel floor.

Model B3 - The turbulence generation system and pl;nt site

model were removed ‘from the tunnel and replaced with a grid

of Qooden slats, positioned 2.4 m upwind of the stack. From"
measurements by Winkel (1979) ﬁsing the TSI hot—film.anembmeter L)
system described in Chapter II, fhe grid was found to produc¢

a aownwind velocitv “ield with uniform mean velocity. Turbu-
lent ir.. sity, iu’ was vertically and laterally dniform'at'
any . ownwind position from tre stack, but decayed longitudinally
“~om about iu = 0.12 at the st :ick lobationvto aboqg iu = 0.05

at x = 300 cm. ?hf stack hei: ..t was 45 cn.

\ further study, denoted as th_ laminar cross-flow study,

- using three different lamin: . plumes (a = 2) tested in a

laminar cross-flow (bare tunnel).  he inside stack diameter d was

1.08 cm and the stack density  .(10 was ps/pa = 0.425. In this study,

the measured vertical concentration profiles were fitted with hand-
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sketched smooth curves to define the maximum concentration height, h.

These measurements are shown in Figure 4-2.

Momentum Rise Entrainment Constant Bl

Using data from various investigations, Briggs (1975) has
shown that the rise of-moménttw jc.s can be accurately predicted with
thé 1/3 law when ,{Q' |

U
B, =

1 S
1 3 + ;I; | . (4-13)

-
This semi-empirical relation is physically reasonable in .that jets

in a quiescent atmosphere (US = 0) should still have a sm%ll amount

of gntrainment due to self-generated mixing, and entrainment should

'increase with Us/wS as higher windspeeds cause increased disturbance
to the jet and force it closer to the stack wake.

Wilson (unpublished) has suggested a more general Bl model
which is similar in form to (4-13), retaining the same arguments of
physical realism, but aecouhting for dependence of quiescent atmos-
phere jets on ps/pé from the work of Ricou and Spaiding f1961).
| Also{ the ratio Us/wS was replacéd with ¢M = psﬁsz/ani which Qas

considered more relevant to plume rise in general. Wilson's model

is

(4-14)
In the present studygﬁzﬁich included tests with variable a
and ¢M’ (4-14) was found t%vyield very accurate rise predictions for

the momentum rise phase when used with (4-11). An example of this is



shown in Flgure 4-3, where measured plume Tise data for plume model’
B at US = 0.45 m/s is compared to the prediction using (4 ll),ishown
as a dashed line. .In the coordinates used, the momentum rise portion
of (4-11) is a straight line -with 1/3 slope and the bubyant rise por-
tion of (4-11) is a 2/3 siope line, as shown. For thisiparticular case,
momentum rise is seen to be the domihaat fofm of rise at downwind ais—
tances less than about x/LB = 500. Good agreément between the data
and the prediction in this ?egion is observed, using Bl = 0.87 from
(4-14). ‘

The apparent undérpredicaion for the data point near x‘/LB = 10
(x = 1 cm) is not significant, because the absolute error of the pré—
diction was only ab;ut 0.25 cm in Ah, which was abouf the resolution

of rise calculations.

Budyancy Rise Entrainment ConstantFB2

LI

Difficulties were encountered in defining values .of 82 to

be used in the combined rise formulation, because of theilack.df a

51mp1e comprehen51ve model, equivalent to (4- 14) ?br Jets, which

& f%”

' would predlct B from stack and atmospheric céndlglons

G
The approach commonly taken in recent literature has been

to assign a constant value to -8 For example,'in a study using data

2
from ten sets of buoyant rise observations, Br1ggs (1972) found an
overall best—flt value of 82 = 0.6, u51ng ‘the 2/3 law. However best—y
fit Yalues for the individual studies ranged from B = 0.3 to B .9.
Similarvw;de variations in 82 were observed in the present study when

matching measured rise with the combined rise formilation. Measured

values ranged from 62 = 0.47 to 82 = 1.4.
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The author wished to avoid‘using‘B as a mere-curve-fitting

parameter, because it has phys1ca1 51gn1f1cance indescribing the rate

at which a buoyant plume @ntr%}ns air and grows with he1ght by

.82 = dr/dz. Therefore, any variations in 82 should be explained by

physical arguments regarding éntrainmeﬁt d For example, the extra
flow turbulence generated’ by a stack wake would be expected to increase
entralnment and B Later, it will be shown that plume rise under
moderate;levels_of downwash can be predicted using adjusted 82 values.
‘Entrainment would also be expected to be sensitiverto wind
shear and turbulence conddtions in.the atmosphere, because ‘these are
related toitorbulent.mixing. (Also; initial Stack floﬁ conditions may
be important;to entrainment. To. investigate this effect, measured
8 values from plume model B, the, 1am1nar cross “flow study, and models
B1, B2, and BS from Winkel (1979) are g1ven .in Table 4-1, along with
stack and approach flow cond1tlons. None of the plumes examlned here
were significantly affected by stack downwash; so that.this effect
would oot obscure the comparisons.
From Table 4-1, the effects of each of the flow conditions

on 8., could be seen:

2

(1’ Approach Flow Shear - The ~significantly higher values of 82
- for models B and Bl than all other values in Table 4-1 indi-.l

4

‘cate that approach flowpshear is the largest'single factor

l-ih“determining ,82' This could be due to two factors:
Velocity shear_gradients enhancing entrainment by moving
upper and lerr;plume layers past each other, or higher mean:

velocities in the upper regions depressing plume rise in a

way not accounted for in (4-11), which used the wiﬁdspeed at
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stack height, US, for all calculations.

(2) Approach Flow Turbulence - By comparing the results for models

B2 and B3 it is seen that approach flow turbulence alone does

not appear to significantly affect B8 Entrainment is partly

5
due to buoyancy-induced self-generated turbulence, and partly
due to atmospheric turbulence, and it appears that the latter

1s not significant while the plume is still rising.

(3) Stack Flow Conditions - By comparing the results between

models B and Bl, or B2 énd the laminar cross-flow study, it

is evident that plumes with turbulent stack flows have higher

82 values than plumes with laminar stack flows. The differences

in a laminar cross-flow are much éfeater than those with a

turbulent approach flow. Although the stack profile EDEEEV

is accounted for in (4-11) with o, this does not complétely

account for the differences in entrainment when stack flows

vary widely.

It is clear that not enough plume rise data was taken in this
study to form a comprehensive model for 82. However, the results in 3
Table 4-1 allowed the author, in the case of plumes which were signifi-
cantly affected by stack downwash, to choose an appropriate value of B

and predict the rise that likely would have occurred in the absence of

stack wake effects. 1In this way, the effect of stack downwash could

be quantified,.

Final Rise -
All plume rise predictions using (4-11) are only valid during

the plume rise phases prior to plume break-up and domination by
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atmospheric turbulen:e. Thereafter, plumes in turbulent shear flows
are observed to level off, or achieve final rise. It is possible to

define a downwind position, xfinal at which final rise, Ah occurs.

final -
Choosing xfini’ from_a measured trajectory is a somewhat arbitrary
decision due to the continuous nature of rise. However, this did not
cause great difficulty in this study because the plumes tested were

observed to achieve a well-defined final rise in most cases.

A study was conducted, which involved the measuring of th ee.

4
!

plume trajectories in the present model boundary layer. A laminar
stack flow condition was present, and only one buoyancy flux

F

it

2.24 x 104 cm4/s3 was used; The stack gas density was constant

at bs/pa = 784. By varying the windspeed, a.fairly wide range of

final rise heights and positions were tested. The results are shown

in Figure 4-4, with smobthed curves through the measured rise values,
It was postulated that Xeinal migﬁt depend on the buoyanéy

lengéh, LB = F/Ui » since this is an important parameter in predicting

fina1 * Lp»

good agreement in final rise position is observed for the three

buoyant rise. Choosing the simplest possible criteria, x

trajectories in Figure 4-4 using

2200 LB (4-15)

: xfinal
This result was in agreement with studies by Winkel (1979) who inves-
tigated final ;ise for eight other plumes, which involved variations in
ps/p; as well as o and (bM' Equation (4-15) was also found to be‘
accurate for the model B piume at Us = 0.45 m/sec as shown in Figure
4-1. Thus, (4-11) combines with (4-15) to produce a complefevblume

rise model in neutral stability when downwash is not present.
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Momentum Flux Ratio ¢M as a Downwash Parameter

The stack-atmospheric momentum flux ratio,

MOT T3 \ t-16)

has already been used as a plume modelling parameter to ensure close
1

simulation of the gross interaction between the stack jet and %pproéch
flow in the' initial momentum rise phase. Stack downwash is also

expected to be closely related to ¢ because the downwashing pressure

M}
defect in the stack wake is increased by approach flow momentum
21 2 .
through (pbase" P = > Cpb Da US . Also, 1ncreased~stack momen -

tum, (lpswsz, will tend to 1ift the plume out of the influence of the

stack wake and prevent downwash. Because CP was modelled correctly

b
in the present study (see Chapter III), modelling ¢M implies modelling

stack downwash effects.

’Relating downwash to ¢M 1s a more general approach than that
commonly found in most investigations. For example, Fay, Escudier,
and Hoult (1969) used the simple velocity ratio, R = ws/US to predict
stack downwash‘effects. They found strong sfack wake effects when

R<1.2. Using this as a rough guide, downwash might be expected to

begin to be important in about the region 1< ¢M < 2.
. s

Near Stack Behaviour of Downwashed Plumes

Two sets of near-stack vertical concentration profiles were
taken at varying values of ¢M' These are relevant because significant
concentrations below the stack height at small downwind distances

(;.<2d0) can only be caused by stack downwash; plume spread is insigni-

ficant at these distancex.

¢

\
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The first set of profiles is shown in Figure 4-5. In these
tests, taken at one diaméter from the downwind ;tack edge, the constant
conditions o = 2 and ps/pa = 0.569 were tested. Thus, only Vériations
in W and US were tested. In Figure 4-5, it is seen that the amqunt
of downwash increased smoothly with decreasing ¢M\. Downwash was very
severe at ¢M = 0.21 with measurable concentrations five stack diameter
below stack height. Downwash was i igqificant at both_@M = 15 and
¢M = 3.4 with no sigﬁifigant,conc ntration measured below one diameter
below stack height. This)wouid indicate that when ¢M increases@?eyond
a cer;ain value, downwash virtually disappears and the value of ¢M is
not'important.

The second set of profiles is shown in Figure 4-6. In these
tests, taken at less than half a diameter downwind from the trailing
stack edge, o was varied along with W, and Us' Again, decfeasing ¢M
increases stack downwash, even for plumes with different stack-exit
&elocigy profile shapes. Also; downwash effects are seen to be insigni-
ficant above ¢M = 2.57. It appears that a small concentrétion will
always be measurable just below the stac: level. This is probabiy due

to the downwashing of the slower-moving stack gas near the inner

wall of the stack.

i

Prediction of Downwash Effect on Plume Rise

Two plume trajectories were measured which displayed the '

~

effects of stack downwash.

v

In Figure 4-2, the data at ¢M = 1.59 in the laminar cross-

flow.study shows a significant drop in plume rise from the prediction

(shown as a dashed line) using (4-11). Using 82 = 0.468 and Bl from
4
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(4-14), the other two plume trajectories in Figure 4-2 were accurately
predicted by (4-11), as seen by the close fit to the data. Except for
the stack wake effect, there was no apparent reason why entrainment

processes should have differed for the lower plume. However, 82 = 1.0

was required to fit the lower blume data, as seen by the solid line

]
-~

throﬁgh the data. This was a ﬁoderate downwash condition; where the
rise was suppressed, but could still be-modelléd with (4-11).

In Figure 4-1, the model B pl' e at U = 0.9 m/s ( 9y = 0.643)
is clearly a case of severe stack downwash. The plume was observed to
achieve its maximum rise of about Ah =1 cm directly above the stack.
Thereafter.thé plume was entrained into the stack wake and stayed within
about 1 cm of stack height. *

The predicted rise of this plume, using (4—11) énd (4-15)
is shown for bdth 82 = 1.4 and 82 = 0.87. The former was the appro-
priate 82 value for non-downwashed plumes in the model shear flow, as
seen from the upper plume at. US = 0.45 m/s. However, for low-rising
plumes, shear effects may not be as significant, and 82 = 0.87 is
the appropriate value from Table 4-1 for rise in a non-sheared turbulent
flow. The difference between these two predictions is seen to be
small in this case.

Much more data than that presented in this study would be
required to perform a rigorous correlation of downwa;h effects with
¢M' However, from the above results, downwash effects can be divided
into three categories:

(1) No Downwash
For conditions of about ¢M > 2.0, stack wake effects are

minimal, and rise may be predicted from (4-11) and (4-15).
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In laminar approach flows, final rise does not occur and -
(4-15) is not applicable.

(2) Rise Paftially Suppressed by Downwash

“For conditions bf about 1.0 <¢M < 2.0, rise may be predicted
by (4-11) using increased 82 values. The following form is
suggested to calculate the increase in 82, which is based on
the assumption of no effect at ¢M = 2.0 and the data in

Figure 4-2.

82 (with downwash) = 82 (6 - 2.5 ¢M)

3 .
for 1.0 < ¢M < 2.0

This is only;5 rough estimate, but has the correct trend
with ¢M'

(3) Rise Completely Suppressed by Downwash

For conditions of about ¢M < 1.0, stack wake effects will be
severe, and a reasonable rise estimate is Ah‘= 0.
With the above downwash categories, and the rise models (4-11)
and (4-15), rise may be accurately predicted for plumes with both

momentum and buoyancy in ﬁeutrally stable atmospheres.
. 1
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CHAPTER V

FLOW RECIRCULATION BEHIND DIKES

IhtrodUCtion

It wag'seén in Chéptet.III that the Reynolds nuﬁber‘is signifi-
cahtin determiningthepropermédelling of stack wake suction and plume
downwash. In this chapter we focus our attention on. the wake flows
behind much larger two-dimensional flow obstacles: the dikes which
surround tailings ponds typicali?'occurring on oil sands strip—miﬁing
sites.

" Dikes are similar to stack cylinders in fhat the large disma;ch
in Reynolds number bétween the wind tunnel model and full scale is again
féund to be a significant potential source of error. However, unlike
cylinder flow, the flow.around such arbiﬁrarily—shaped obstaéles as °
-dikes is more diffécult to prgdict. It was found that thesé
flows require modification to account for Reynolds numberveffécts before

the dikes can be used in a wind tunnel dispersion model without serious

modelling error. ' v

L

Previous Investigations of Recirculation

The results of several previous studies of recirculating flows

are heipful in demonstrating the following: .

(a) The amount of sensitivity of recirculating flows to Réynolds
number for different obstacle shapes.

(b) Problems with quantifying the size and influence of a recircu-

lation zone.

64 ‘ -
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(c) Factors other than Reynolds iumber that may require modelling
for proper simulation of.a dike wake .
For”sharp-edged objects, the wake flow is quite insensitive to
Reynofés‘humber_because separation always occurs af the leading sharp
edge, thus essgntially fixing the size of the resulting recirculation

zone. The collected data in Table 5-1 for measured recirculation lengths

’LC/H behind thin sharp-edged walls supports this claim. LC is the dis-

r

tance from the wall to the point of reattachment of the recirculating
zone on the downstream surface, and H is the helght of the wall. It is

s€en -in Table 5-1 that the decreasing trend of L /H down.the table dges
2

not appear to be correlated with changes in ReH.

At the otﬁer extreme, gently curved obstacles will alsé be
Reynolds number insensitive because separation and recirculation ;ill
not normally occur. Howéver;‘many éommonly—occurring flow obstacles
wﬂ}ch are rounded but not shapredged exhibit dramatic sensitivity to
Reynolds number, as discussed in Chapter III for circular cylinders. ThéA
dikes tested in,fhis study also fall into this.latter.cétegory, fequiring
careful investigation of the effectiof,Reynolds number,

In atpempting Eo measure Fhé Teattachment length,LC behind an
obstacle, problems with flow fluctuation are often encountered. Instan-

‘ .
taneously observed reattachment lengths may vary considerably around a

mean value, as foundvby Wilson, Winkel, and Neiman (1979) in a flow

" visualization study of recingylation zones behind model walls and dikes

-in a water channel. Figure 5-1 shows the results of two such tests where

e

the’ fluctuatlng reattachment zone was found by injecting small puffs of:
dye near the floor surface and. observing whether the puffs were carried

upstream or downstream. 'The two positions beyond which the puffs always
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TABLE 5-1: FLOW REATTACHMENT LENGTH BEHIND TWO-DIMENSIONAL WALLS
IMMERSED IN A BOUNDARY LAYER

—
Investigator Re = HEE g - -ES
g H- v i H
. 4
Arie and Rouse I x 10 0 16.8
(1956)
. Good and Joubert| 1.76 x 105 0.75 13.3
(1968) «
Chang (1966) 4.7 x 10* 6 - 12.8
7
Plate and Lin 2 x 104 6 12
(1964)
Wilson, Winkel 3
and Neiman (1979) 7.3 x 10 5 9.5
Present study 6.3 x 10 8.6 9.05
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moved upstfeam or downstream defined the boundaries of the zone. From.
Figure 5-1 this zone was typically 30-40% the length of the mean cavity
 iength Lc' The implication of this is that simple f}ow visualization
techniques for measuring LC by observing how far downstream recirculation
occurs may overpredict LC by perhaps as much as 20%. A far downstream
fluctuation of LC will always leave dyé behind when 1} recedes, and phis
may obscure the true mean position. These results led the author to
exé;cise caution Qhen comparing measured reattachment lengths from dif-
ferent experimental techniques, and pointed to the need for a technique
to measure the true mean length.

-

Recirculating flows may also be seQ§itive‘to approach flow
turbulence; greater turbulence levels being expected to induée earlier
reattachment. The parameter §/H for a recirculation study, Qhere § is
the boundary layer thickness, can serve as a measure of this effect since
turbulence intensity decays with height in a boundary layer to small
values at height §. Thus, if §/H is large, the recirculating flow will
experience high turbulence levels and should have a smaller value of
Lc/H' This general trend is seen to occur for the data shown in Table
541, indicéting the need to properly model the pérameter S/H and the

corresponding boundary layef turbulence levels for the recirculdtion

tests on model dikes in the present study.

-

Wind Tunnel Recirculation Tests

M
Tests were conducted in the wind tunnel boundary layer and plant

site model described in Chaptér IT, Three dike SiZes, referred to thrdugh—

out this study as large, medium, and small, were tested, with dimensions

given in Table 5-2. The dikes were always mounted with their crests
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perpendicular to the flow in the "upstream" dike position shown in
Figure 2- 2. A\10.4 cm high sharp-edged wall was also tested for recir-
culation.

The dikes were always tested with the same base sufféce level

on both sides, which implies a low water level in the tailings pond.

Flow Reattachment Detector

1

Because of fluctuation of the reattachment point shown in Figure
5-1, a techniqﬁ& was developed to measure the true mean reattachment
length of a recirculating flow. This consisted of a probe mounted on the
floor surface downwind of the obstacle, and an external measurement and
monitoring system, shown schematically in Figure 5-2. 1Its principle of
operatién was to inject helium tracer gas from a central source tube
perpendicularly onto the surface ;nd to allow the local surface flow to
carry the tracer to either one or both of two helium detéctor probes
positioned 1 cm upwind and downwind of the source. The two detector
probes were simply tubes into which sahples were simultaneously aspir-
ated and fed into the sample and.refereﬁce sides ofvthe helium detector
bridge described in Chapter II. The mean direction of surface air flow
(upwind or downwind) was indicated by the probe which gave the largest
reading over a suitably long averaging time. Actually, .the two detec-
tor readings were instantaneously subtracted so that the polarity of
the net reading yieldea the fléw direction. When the detector was lo-
cated so that the net reading was zero, this position was taken as the
mean pqint of reattachment for fhe recirculation zdne. Example readings
for two flowléonditions are givén in Figure 5;2 for measurement locations

A and,B. In the first example with ReH = 1990, the mean point of N
' ¢

e —

~
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reattachment must lie between A and B because the surface air flow was
upwind at A and downwind at B, as shown in the figure. In‘the second
example with ReH = 14200, the recirculation zone was much smaller, with-
downwind flow at both A and B.

By moving the probe and observing the readingé as above, the
reattachment length LC could be measured for a given dike and approach
velocity. For greater sensitivity in reading, the helium detector output
was usually given a Dqloffset and measured on%?;voitage to fgequency
averaging digital volthter for 100 sec. sampleé.

The detector system had ene operating disadvantage in that it
could normally only be used on a horizontal surface. On an inclined
surface such as a dike éace{ the buoyant helium tracer gas tended to
migrate uphill and biased the eeading significantly. This ;as not a

serious problem because at most Reynolds numbers the mean reattachment

point extended beyond the downwind edge of the dike base.

Experimental Results

Using the flow reattachment detector, reattgchment lengths were .
measured for the three dikes over a range of Reynolds numbers from

lowe¥’than typical model values to as high as the tunnel would safely

~

permit. The results are plotted in Figure 5-3 for two different choices )

for Reynolds number, along with two measurements in a water channel from
Wilson, Winkel and Neiman (1979) . . N

p UH
The flrst choice for a correlation’ parameter, ReH =_—%— » wWas N
ok ' . }
made uslnghfhe dike and tunnel parameters that were varied durlng the
. Ay o ”;‘ v.‘\

tests. It lS sg%g from Flgure 5 3 that this ylelds only a fair correla--

tion of the data. {ﬁls seemed to indicate that the proper Reynolds

number to correlate reattachment lengths should not depend on the obstacle (

.



itself, but only on the approach flow. The necessary information on

the dike height would then be contained only in L /H The second choice,
u.6
Ree 3 ~%7- used the momentum thickness of the approach flow boundary

layer 8 = 13.14 cm, found frbm integration of the wind tunnel vertical
Velocity profile given in Chapter # The boundary layer thickness

S = 94 cm was used to calculate Ud from the power-law fitg to the velo-

city profile, starting with the measured values of UH in each case. In

Figure 5-3 it' is seen that Ree correlates the data much better than ReH,

although+it is imﬁgssible to say whether some other approach flow para-
meters than 0 and Ué would prov1de the best correlation in general,
. because oply one béﬁndary layer was tested.

Two explanations arecoffered for the 20-30% dncrease in LC/H for
the water channel data and the large dike data over the curve in Figure
5-3 for the two smaller dikes. - d . | "

One possible. Xplanation involves the effeot of appfoach flow
turbulence, which tends to retard reattachment. Thls is analogous to -
“the arguments used to. explaln the variations in/the data of Table 5-1.

Clearly, %/H increases as LC/H decreases for the data in Figure 5-3 and

-

this may be due to a decrease in turbu&ce as higher dikes encounter

lower levels of boundary layer turbulence. /

ad . L
V' The second explanation involves the effect of tunnel area block-
age by thie dikes. Any obstacle in a fixéd—area tunnel reduces thé effec-
Ve v . !
) ; :
/ ‘ ; / .
tive,flow area a?d causes an acceleration past the obstacle with a

corrésponding“static ofesaure dfop. When the flow decelerates past the

i
obstacle the pressure returns totxhé/higner ambient levels. These condi-
~ tions ofldeceleration against an advefaé pressure gradient are exactly
‘those that enhance separation and/retard reattacnment " This effect was

/ |
. |
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measured by Good and Joubert (1968) who found fhat rear separation bubgles
behind walls in turbulent boundary layers were affected by pressure
gradients induced by tunnel blockage. Interestingly, for fixed area \\
tunnelg where § is close to the tunnel height, such as in the present
study and the water channel study, §/H and tunnel blockage are inversely
proportional to each other. Therefore, both turbulence levels and block-
age varied with' §/H, so it was not possible to assign the effects on
reattachment to one or the other, although tunnel blockage is probably
the more 1ike1y explanation.

Figure 5-4 §hows.the cor?elation of LC/H with tunnel area block-
age as taken from tﬁb d;ta in Figure 5-3 at Ree = 9600. From thi§ it may
be conclﬁdéd,that recirculation will not be affected by tunnel blockages

~

up to about 5%, but may increase significantly when tHfe blockage is

-~

greater.

Implications of Reynolds Number Mismatch

Figure 5-3 shows that the wake flows behind the dikes in the

> present study a;e v;ry sensitive to Reynolds number, as well as second-
order effects such as tunnel blockage. Recirculation zones appear to ¢
shrink L; ~vyligible size when Reynolds numbers increase to.about

Ree 20X 105, sne to fwo orders of magnitude above mgdel values, which
were typically irom Ree = 103 to 104. Because the corresponding full
scale v. nes are of abéut ofder 107, it follows that the present dike
model, if used, would gre%tly exaggerate the size and influence of the
dike recircﬁlatidn zohe. Full scale measurements by Eliseev (1973)F

support this, indicating that for full scale hills about 10° sfeeper

than the present model dikes, LC/H = 2efor ReH = 107. This means that
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full scale dikes would be 'expected to have LC/H less than 2 at the same
Reynolds number.
Because it was the purpose of this study to gauge the effect of
¥
dike recirculation zones on air pollution dispersion, this modelling ,
error was considered very serious and could not be toleratea.l Model
Reynolds number could not be altered due to stack plume modelling con-

siderations, so a remedy was sought by modifying the dike flows as they

existed.

Dike Deflector Vane

A thin metal deflector vane was mounted along the entire
length of the model dike crests to provide flow ig‘the model close to
that of full scale conditions. Since eliminafion of the large recircu-
latiqn zones was the goal, the vane was designed to force the flowvdown

the leeward side of the dikes as shown below.
. ‘o

DIKE AND VANE CROSS-SECTION

1

. . J‘
FLOW ' ‘ DEFLECTOR VANE (18 gauge sheet metal)
2.5 cm

| wan L L

5.1 cm
2.8 cm-
' 1 ::>>

DIKE CREST

3
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Flow visualization studies were undertaken in the wind tunnel
to qualitatively evaluate and optimize the performance of the vane. These
~were done using titanium tetrachloride smoke ieleased upstream of the
dikes. Only the large and medium dikes were tested (or used again in
this study), and the same vane was used for both dikes. After finding

\ .
the optimum spacing between the dike crest and vane, the vane was ob-
served to almost completely eliminate recirculation zones behind both
dikes at all model Reynolds numbers. Some typical results are given in
Figure 5-5 where recirculation zones were sketched from flow visualiza-
tion. vAt an intermediate Reynolds numBer between those in the top two
sketches where flow recirculation zones were both large, tﬁé bottom
sketch with the vane in use .shows recirculation isolated to/two small
areas: one near the dike base, and one 1mmedlately behind the vane
These " zonesddlmlnlshed with increasing Reynolds number and were never
observed to be larger thap those shown in Figure 5-5.

Use of d!! helium flow reattachment detector confirmed the suc;

. -
cess of the vane. Tests showed that net upwind surface flow could not
be measured at a distance 5 cm downwind of .the large dike base at any
tunnel speed. Also, at distances of 2.5 cm behind the medium dike base -
~and 1.3 cm behind the large dike base, recirculation was measurable
3

only when Reynolds number was ‘reduced to Re, < 4 x 10

9

Comparison of Dike Model to Full Scale

All of the above-tests for dike models considered oﬂly the

size of the‘Fec1rculat10n zone as an initial gauge of the valldlty of

¥

the model * To further verlfy that the vane was operating correctly,

the effects of the model d1kes on downstream mean and turbulent flow
5 ‘ .
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patterns were measured and compared to the expected full scale effects.
In the absence of full scale data, the substitute used was to operate

the tunnel at a high Reynolds number, Ree = 1.3 x 105, with the vane

removed. Figure 5-3 shows that the recirculation zone behind the
dikes hds already decreased to negligible size at this Reynolds number,
indicating a proper simulation of full scale conditions. This data

will be referred to below as the '"full scale condition'". The typical

model condition tested for comparison was operated with Ree = 1.1 x 104

*

(UH = 0.72 m/s) using the -dike with and without the vané.

With a linearized single hot-film anemometer, rtical profiles

of mean velocity U and turbulent intensity iu = u2 /U were taken
at a location x = 7H(82.25 cm) downstream of the large dike, as shown

in'Figure 2- 2. The equipment set-up for turbulence measurement is

shown in Figure 2- 4.

N
In Figure 5-6 the results are presented for mean velocsty pro-
-

files at gk% "full scale" condition, with and without the dike present.

" The normallzlng m%ﬁn velos}ty Uref was. taken as the velocity at Z = SH

I8 .
for each case well above the immediate flow effects of the dike. 1t
\;v- L, \

is seen from'Figure 5-6 that at '"full scale'" conditions, the dlke pro-

duces very llttle ﬂlsturbance of the mean ve10c1ty proflle at x = 7H.
'-'é‘ v L oy

A gobd model would therefore be expected to exhibit similar behaviour.
e ‘\ .

7  }0ure 5-7 _shows the ;normalized mean velocity profiles for .

) - /,‘

the two moﬂg ;dgkes with and wfi;ﬂpt the vane, compared to model- speed

, i \
no-dike case. It;ﬁsuapparent that the model dike with tthe Vane ‘produces

4
a close match in velocity prg£1lglfgzthe no-dike case while the model

* ©

dike without the vané yields a very poor match. This can also be seen

]

- -:
¥

by examining power fits to the_abové prsﬁgles'as given in Table 5-3.

- [l -
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TABLE 5-3: VELOCITY PROFILE POWER LAW FITS BEHIND DIKES AT-X = 7H

_n
U = |2
Uref Zref_
\
6ondition Dike Height Range (cm) I n
-y : .

Large (no vane) 0-10 0.094

"Full Scale" L ' 110-50 0.249

Rey = 1.3 x 10° B

No Dike o 0-10 ¥ - 0.102

T 10-50 . 0.230

Ry
y — 4
Large (no'vane) 0-20 -

Model : ) 20-40 . . 4 . 0.33
Reg = 1.1 x 10% 7 : —

Large (with vane) 4 0-15 0.205

15-40 0.300

No Dike ' 0-20 -~ 0.182

20-80 0.309

- ‘
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»

(=g

The model dike with vane and the model no-dike case match closely in
power law as is the éase in "full scale'", while the model dike caée'
without the vane doés not yield to a power law fit at all, being strongly
linear in velocity with height up to about two dike heights.

In Figure 5-8 the vertical turbulence profiles for the 'full ,

scale" and two model cases are plotted for comparison. The turbulent

disturbance parameter used is:

4 (

Alu i 1u(w1th dike) - 1u(w1thout dike) -

1. iu(without dike)

This paraméfer is the fractional ‘incréase in intensity due to the dike
wake, or in.other words, the amount of turbulenée added to the flow by
the dike. One Qould expect this ratio to be closely matéhéd to full‘
scé}e‘valués by a good modgl. Figure '5-8 shows that the modei dike
with vane does produce‘gfcio§e match to the '"full scale" éase while thé
model diké without the vaﬁe adds far too auch turbulenceAto th!lower
lévels of the floy,ﬁag would be expected from ébe;ﬁmnguuggi/;;éirculwtion

zones produced by this model. (- - : <

Summégz o -
The mismatch in Reynolds humber between model and full ™cale
gives model dikes with grossly exaggerated recirculation zones.  TFhe ’

use of a~def!ectér vane mounted on the model dike crests corrects this

: - - .
‘problem, producing a dike flow which is a close match to expected full

scale in dowhstream mean velocity and . turbulence profiles. The model .

dike_with‘vane can be used to accurately simulate the effects of dikes

on atmospheric disperson.



, , L
[(6L61) 'NVWIIN' ONY JaNTM ‘NOSTIM WO¥4] TaNNVHD- N
YILVM V NI GIAYZSHO SNOTOTY NOTLVHVAIS MOT “1-S F9N9I4A

pue ysemumop

. Mo|y _m__,mkma
wogp-y | O

B B 1z .
008 = —
_ HYn .
R | ;
_:::w.COm JuBWIYde e bunenyonyy; ‘ : H : ‘
mA_ ._.W : _. u.h . Q _
___m,: T ] ‘
aouaingny ybry | ﬁ jem|.
{pue ysemumop L ...._m_ ol
T q_ His ._‘\\ ‘
:. N J -
UIING . 33 Yy yuia :
TiMOoyy ayjaaed [ 4
- .



79

[(6£6T) NVWIAN
NV TEINIM ‘NOSTIM WO¥d] ¥0LDALIA NOILDIUIA MOTd
WNITIH 3HL HLIM HIONTT INSWHOVLIVIY 40 INIWSUNSVIW :Z-S JuN9Id

a

HO9l = X HI9E =X
g v wiIgrg=u
Buoeds wo | —_ . \ ‘ .
o] " . wze-t
i ) \x wiIZzgL =1
7 % }
3)duies ERITETETE D] '
1013313p +— —* 10}23)3p “— 066l = Hay - wage = ¢
’ . 104 3UOZ UOHIRND DAY | 5 h
ﬁ
winiyay
2 >
" 4
00Z'pL = —.— 0661 - ---—
MM HHn 5
s -
S/W oY= Hn s/w /60 = Hn = w
' a o
Jn
Q
I vl ¢
v )
S 3
g : 2
| s
3
<4 f .




80

{

07T 71717177 T T T TTTTT] T T TTTTT
L Wind n
‘5, Tunnel
[
9 —
—J Water
IS Channel
g .
£ -~
£
Q
8 -
©
Q
v -
.JUII , .
0 | L1 1 1¢1al 1 bl LN L1
102 100 104 , 10° ¢
UnH
It Hill Height Reynolds Number in Approach Fiow
N\ ' |
10 T T T T 11T ¢ T T T T TTTT] F ITyHl
. \
— £ N - .
H 4
’ cm H
8 O 286 31477 g -
£ O 572 1575}Tnnel
=3 ' An7s reel 'Y
[« — -—
3 B 215 930 ] Water
- ® 400 500 | Channel
c 6 b— —
Q o
E
£
[8] - -
)
3
x 4+ -
Sz [ -
2r -
R : | | N 3
obl— 1 1t sl B RN S I I Y /O T I W A Y
10° _ 104 _ 103 108
U //
> Momentum Thickness Reynoids Number in Approach Flow
5 B
. \
ﬁIGURE 5-3: REYNOLDS NUMBFR EFFECTS ON FLOW REATTACHMENT BEHIND

MODEL DIKES [FROM WILSON, WINKEL AND NEIMAN (1979)]



81

SHIONTT HZmZIU<HP<mm‘ZO S.1.0d4

SINIA TIAON (UNIH3g
43 FOVID0Td TANNNL  :v-S FuN9T14

(%) mmmxoo__m Baly |suunj

b " jeuueyn [ 00°S
191EM | 0g'6
suuny 997/
{au .
puIm ﬁ GL'Gl
] ) VA AN
H
4

.00'v
Sie

Sl'L
2Ls
982
(w2)

0096 = fay

O0C4q me

Sv

0¢

H
Oj N

U1Bue T Juswyoeyjeay



Reg = 2.7 x 103

Recirculation
" Zone ¢

S " Mean
. Reattachment Point
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Deflector Vane

FIGURE 5-5: EFFECT OF THE DIKE DEFLECTOR VANE ON DIKE - WAKE
FLOW FROM FLOW VISUALIZATION IN THE WIND TUNNEL
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* FIGURE 5-7: VERTICAL MEAN VELOCITY PROFILES BEHIND MODEL DIKES
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CHAPTER VI

INTERACTION OF DIKES WITH STACK PLUMES

‘NIntroduction

In this(éhapter the interaction between dike wakes and the
dispgrsbn of stack plumesAWill be investigated by examinipg the.éffecté
of dikes on ground-lével concentrations ( LC). Increases in GLC
due to any factoﬂ'aré of prime interest to tLe stack designe; because
of tHe eﬁphasisxon maximum-alloﬁable GLC levels in aii‘polluﬁion legis-

‘

lation. A simple semi-empirical theory will be‘developed‘for estima-

ting dike effects on GLC values. . -”//////

Experimental Procedure

. Profilesbof GLC were takgn aiong a straighf line ddwnwind
of the model stack shown in Figure 2-2. 'Varioﬁs dike sizes and con-
‘figurations, including dikes'placed.upstream and downstream of the
stack were tested, as summarized in Table 6-1. The dikes were always’
orieﬁted perpéh@icular to the flow and tested with the dike flow de;
flector vane described in Chapter V.- Plume models A and B from Table

-

2-1 were used, where model A had a iaminar stack gas and model B had
é turbulent stack gai;}kiw
All GLC readings were obtained with a moveable sample tube
mounted 0.4 cm (3.2 m full scale) above ground léQel.- Four consecutive
sampfes‘were taken at each downwind position, for 100 seconds each.
During each sample, the average windspeed'US was measured with

a Kurz Model 435 anemometer mounted at stack height beside the stack at

86 f
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x =0, y =30 cm, From these readings, a correction was made to each
100 second measurement for 'small deviations in mean flow velocity about

the desired test value (see Appendix A). This correction was at most

" about 10%, for cumulative 400 second averages.

Limitations of the Study P S

The results of this study wer‘{ii#Jted by two factors:

T

First, the tunnel test sect® wind of the stack was not

long enough t0'locate”maximum GLC valies for all the plumes tested.

This was particuiarly true of the two lostpeed cases for plume medels
A and B, where measured concentrations rose to ‘only~about half of the
maximum GLC at the end of the test\sectlon as shown in Figure 6-1.
For the high speed'cases of these'models, the position, X ax? of
maximum GLC was found to be -near the end of the test seetien.
B As will be shown later,.the lack of fat downstream data'ohly‘
allowed thetuse of a simple model for dike effects. I B 4

. The second limitation of the study involved the fact that the
data for plume model A was 1nherent1y less useful than the data for
plume @ghel B. This was because during all model A runs, a cloth
filter was installed across the end of the tunnel test section to help .
‘to §teady the tunpel vélocity Unfortunately; the filter was later k
found to alter mean flow patterns in the tunnel so that the pluhe :
gradually drlfted toward one side of the tunnel, as . it passed_throﬁgh

‘
the test secthn. : - 'v_ ‘
Because GLC measurements were taken along the tunnel center-

line (assuming no lateral shlft) they were lower than 'the values

along the plume axis. This was 1nvest1gated by f1nd1ng the shifted

maximum GLC line by measurlng lateral proflles and taklng one GLC
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PR

profile down this line for each of the two velociti‘s with flat terrain.
By comparlson with the correspondlng flat terraln profiles down the

tunnel centerllne, there was no appreciable difference at U = 0.5 m/sec;
Y

but a’ significant (20-50%) dlfference increasing with x, for the N
profiles at Us = 1.0 m/sec. The measured ratios of GLC between the = -
maximum and tunhel centerline values from this test were used to

correct all 1 m/sec model A data.

<A

The result of the above - was that while model B data could

be used to explore all aspects of absolute-value predlctlon of GLC

1
w1th and w1thout dike effegts ‘the model A data was uncertair in an

J

-absolute sense- and was limited only to the examlnatlon of dlke effects.

relative to the flat terrain case.
. - ?\' -

G \

Gau531an Model for Plume Dlsper51on

The Gau551an plume model ‘was found to be very useful in
predlctlng GLC values ~ Numerous investigations,'such as the full
scale studles of Weil and Jepsen (1977) and "’ laboratory measuremente
by Wllson (1977), have shown that the statlstlcal ﬁormal or ‘Gaussian
dlstrlbutlon is a close dodel to measured concentratlon dlstrlbutlons v
produced by turbulent dlffu51on Applled to the case of a smokestack

in an atmospheric boundary layer,.the,Gaussian solution for plume -

mass conceéntration Y is:

X(X:)’,Z,h)? Z—TFLSW-
- y 2




%0.

- - “Gaussian
) vertical profile .

ground level

X
(-
v o

; in the model, m is the mass flowbrate of contamiﬁant-from the stack and
dy and d% a%e‘the étﬁndard deviatiops of;y aﬁd z éirectiop conqspgra—
tion éréfilés, the "plume spreadé”.}

Beheath the plume center}iné‘étugfound_leve1 (z;y=0), (6-1)

.reduces to:

X: = exp ——l%?— . S N (6-2)
z . ) A" .
Using m = XéQ Wheré Q‘is the total stack volume flow rate, and special-
i;izing to the case’of'isotherﬁél,‘isobaric conditions between stack and
atmosphere, such as exist for the wind tunnel‘model, (6-2) may be

expressed as-a ratio of volume concentrations:’

“ -
e T !

% | _p? |

(6-3)
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. To predlct GLC the plume helght h'and the _plume spreads oy and - c, must -

- be specified w1th downw1nd dlstanceJ - i

In thl d

, the measured average Value of w1ndspeed U was

T (1970) suggests that the 1ntegrated mean value

" used with (§

< U'in the plume layer sho d be used, ‘which is not much d1£ferent than

U . here.: S
.-S ’

-

‘ Plume'Spread 7

‘ Lateral and vertical plume spreads for the flat terraln cases
o of plume model B were. obtalned by fitting Gau551an d15tr1but10ns to
measured lateral and vert1ca1 concentratlon prof1les For the Vertlcal

profiles, the flts were based only on the data below the plume center-
PR
line;at-h Vertlcal plume spreads defined in thls Way should‘be more

-

relevant for GLC prediction than full- proflle f1ts ' An example-ofaa‘

fltted vertical proflle is shown in Flgure 6-2. It can be seen that "~
the lower half of the profile was well f1tted by o (lower) = 10;§;cm
4t the expense of a slightly poorer fit for the top haif. " The fit shown

based on the entlre proflle, w1th o, = 9.4 cm, was'’ notlceably different

~in thlS case, although for most profiles, it was found that the ch01ce'

of 'o fltted to lower half or full proflles made very llttle difference

.

. to GLC predlctlon.

e . :
Because it wyas necessary to 1nterpolate and extrapolate spread

' values for GLC predlctlon, a smoothed functlonal form was required. Full

scale dlsper51on studies such as the Brookhaven study, Slnger and Smith
(1966), have shown that for a given atmospher1c condltlon,aspreads of

-a non- buozant contamlnant in a glven d1rect10n are well f1tted by a
' k-4
51ng1e power law, o ='axb. To reduce measured plume spreads G (total),
, & :

¥

i
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which contain the effects of_buoyancy-generated spread to their corres-
ponding values in non-buoyant form, 0 (non-buoyant), Winkel (1979)

suggests the use of the equation i "
2 2 2 .
0 (total) = 0" (non-buoyant) + o (correction) (6-4)

where the latter term; representing buoyancy-induced spread, may be

estimated by the following:

fom

Gz(correction)»= ClBg Ah2 ' (6-5)

Y

In this correction term, 82 and

to the rise of the plume in a laminarx

are those values which would apply

i
f¥ow, which in turn is re-

1

(1979) to be about 1/9. From\rise measurements of plume model B in a

lated to buoyancy—induced.épreadf The constant C, was found by Winkel

laminar cross-flow, .82 = 0.87, and this value was used for buoyancy

éérrgctiOns throughout the study.

Using (6-4) and;(6-5), the measurgd Oy and oz(lowefj values

for plume model B‘wefe:buoyancy corrected to o(non-buoyant) form. "In
'QFigures-é—sband 6-4, power law fits to this data are plotted and compared
to 800:1 reduced Brookh;ven C (neutral stability) power laws,

| To obtain plume spread values forvany downwind position, the
fittéd power iaws from plume model B were corrected back to model condi-
4\tioﬁs using (6-4) and (6-5). Thus, the magnitude of‘the buoyancy

correction was not very importanf; the advantage of using the correction

was -to obtain a universal functional form for spread. .

Predicting GLC for the Flat Terrain Case

~ Using (6-3), profiles of CO/CS were predicted for the two tested
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windspeeds for plume model B, as plotted in Figure 6—5. Rise values
used in the calculations _were obtained from (4- 11} to match the actual
measured rise. For US = 0.45m/s, the combln@d rise model shown 1n

Figlire 4-1 was used, with 82 = 1.4. The final rise was set at
, ~

Ahfinal = 16.37 cm at xfi al - 2200LB. For US = 1m/s§c, Ah = 0 was

used for all X due to stack downwash. \

Several important Conq1u51ons may be drawn from Figure 6-5:

(1) The difference in GLC Rrediction between using. oz from whole-

profile fits or O;(lowe ) is neglig}ble. Predicted values
A
from whole-profile Gaussian' fits arg}very Close to those using

Gz(lower) = 0.271 xO'7O.

(2) The/Gaussian model for plume disp%rsion appears to be valid
under a wide range- of conditions, from the case with severe
downwash to those with large amoﬁhts of plume rise. The

- vertical and lateral measuxgs pﬂyéé\Profiles used to obtain
plume rise and sﬁfead were w llfigpresented y Gaussian dis-
f7 . tributions, as s§§n in Figure 6-2;: \Thg~gdégbagreement of the

. measured GLC profiles in Figure 6-5 to gﬁé\gie§sién pr;dictions
also supports the use of the Gaussian model bézhﬁgp the plume

rise and spread values used in the predictions were not deri
A}

in any way, from ground level data.
Figure 6-5 %lso:disp}ays some 1inadequacies of the Gaussian

model for GLC prediction. For example, thege is a kink in the pref
dipted curve for US = 0.45 m/s near x = 225 cm, and the curve is/seen
to rise more sharply than the data beyond that point. /%he scatﬁgr in
the data, which was typically about +0.01 for (C /C ) x 1000, can\\\\ﬂ

not explain this dlscrepancy. Actuyally, the change in character of

the prediction was caused by the final rise model, where x_.. =2200L
final B
L

:
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(223 cm). Final rise was observed for this plume, as seen in Figure
}

4-1, but the data in Fiéure 6-5 behaved as if the plume did not level
off. Using the Gaussian model, plume centerline changes were assumed

——

+to be instantly reflected in values of GLC, hbwever,,the'data was

-

accurateK?nbugﬁﬂza\&igglgy the error in this assumption. There is

probably a time delay for the edges’ of é plume to respond to centerline

changes.
o N
@réaitféd GLC curves for the plume model A flat terrain cases

were also required. -Because no rise data was available, and because
the plume model A data was already limited to the investigation of -
relative effects of dikég, the predictions for these cases were fitted
to the data, as shown in Figure 6-6, by the choice of an appropriate

entrainment constant, R The advantage of this was that when the flat

2"
terrain predictions were later coprééted for dike effects and compared
to data, the cloéeness of fitlgaveta dirétt indication of the accuracy
of the dike correction. The closeneés,of’GLC predictions to plume model
A da?a are not gjverification o the absolute accuracy of the Gaussian
model, although the rise valued used to obtain the fit for the flat

terrain cases were very realj for the 1 m/sec case, z = 0.(all x)

was used, and for the 0.5 m/s se, (4-11) was used with final rise

) y .
at x = 2200Ly and 82 = 1.22 (compgred to B, =\1.4 for the turbulent

stack gas/jn model B).

3

Correcting for Dike Effects.

A model to rrect for dike effects on GLC~was obtained by
etween the ?fpressions for predicted GLC, with and

withouf a dike, using (6-3): (/'

y
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C, (dike) _ éy . ' S ?z - exp -hz(dike) N h’ (6-6)
"_—co‘ O’y(dlke) 0, (dike) 2 ozz(dike) ~ 2 022

c

In (6-6), the parameters Co’ oy, o, and h are for. flat ter-

rain. Defining some 'dike disturbance" parameters,

(6-6) becomes:

Co(dlke) 2

-h 2.2
—F— = Enexp > (Y noo- 1) (6-7)
o} 20

Wifﬁ suitable models for n, €, and v, (6-7) would account for'
allipdssible'dike disturbance effects in GLC prediction using the Gaus-
sign model. However, in comparing the model to data, it was practical
Ito allow only one of these parameters to vary, setting the others equal-
-to unity (assuming no effect of dike) or equal to the varied paramefer

(assuming equal dike effect). A number of possibilities were examined,

as summarized below:
(1)Y=,1’€=n

' Assighing dike effects equally to oy and o, while keeping plume
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rise constant seemed’physically reasonable but did not produce a workable
cor ecti&n. Equa;ipn (6—7)‘was unable to predict é,large enoﬁgh cor-

| rection effect in many cases regardless of the n‘yalues chosen.
(2)e=1,n=1 |

Assigning dike effects to plume rise alone while keepiﬁg plume

¥ N ‘
spread constant always produced a proper correction if y was varied, .

e

because (6-7) is unbounded in Co(dike)/Co as Yy decreases from y = 1.

Héwever, this model had'the disadvantage of beiné physically unrealistic,

considering that‘a constant héight non-buoyant plume which would not

be subject to correction could still be affected by a dike.

3 e=1,v=1 » ’
Assigning'dikeveffects to Cz alone whiie keeping oy and h

tonsfént‘was found ‘to be both workable and physically reasonable. Extra

turbulence indgced”bygg dike wake would be expected to increase vertical

‘spre;d and cause laiger GLC values, which was consistent with the model

and with measurements. Lateral plume spread would also be expeéted to

be increased by dike—inducedlturbufencé, which causes some losé |

of realism in the model, however, this did not caﬁse it to be untenable

*as in ~(2) abqve.

With the use of € = 1 and Y = 1, (6-7) is:

C_(dike) 2 '
AN = = nexp hz (nz - 1) (6-8)
o 20Z

" A sketch of this function for a typical value of [ﬁz/Zozz] = 1.1

-

is shown below:
. E-4
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7
C, (dike) /

Oniy that part of the function (sﬂcwn as a solid line) where Co(d%ke)/co
incrsases with decreasing n was physicaily realistic and used for the
correction; the other part (shown asva dashed line) was extraneous. Note
that ‘there is a maximum correction poss1b1e by this model for a glven

'

[h /20 J- value Measured.values_oﬁ Co(dlke)/Co were never foued'to
exceed thys maximum. o . ~
| Using smoothed curves througH all the measured GLCvprofiles,
values of Co(dike)/Cd‘were cbtained at abogt nine regularly-spaced
downwind positions for each case.b'Then, using (6-8), N was varied
downwards frcm n =1 until a match was obtained in C_ (drke)/C for

o~

each position. The findl values of n required’ to match exper1menta1

measurements are shown as data points in Flgure 6 7. k\w o ¢
$
ike'effect)

It was expected that n would be equal to unlty (no d

. upstream of the dikes, and that' its value would decrease downwind of

the dikes and then return to unity at a certain number of d1ke helghts
downwind of the d1kes where the dike wake turbulence had. decayed to
ambient levels, This behav1our was observed (with a great deal of scatter)

for the medlum (45.8 m full scale) dike data in Flgure 6-7, with the
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effect of the dike dying away at about 80 dike heights downstream.
For the large (94 m full- scale) dike @he limitation of test section length
' L \
did not allow this return to n = 1 far\downstream to be observed, al-
. \ B '.."
though the measured n values were c n51itent in form to those of the
e
medium dlkej The n values for the large dike indicated & much increased

dike disturbance effect over the medium dike values.

- The low values. of n=0.7 observed for_two ofuthe large dike

@

cases in Figure 6-7 occurred as Equatlon 6-8 was approachlng a maximum
in C. (dlke)/C In thls region, the correction is Very insensitive

\__/‘~
to changes in n, ana\ignoring these deviations in the recommended -

gﬁ}e 657 does not produce ‘large errors in predicting

~

line for n shown in Ei

b

the diké correction

A Model for Vert1ca1 Spreaé Rat1o n

/‘“\Gw;ng\gg_ghg/falrly rough and 1ncomp1ete nature of the data

. for n, only a simple model uas propoéed to correlate the data and

alrbw'for the pred1ct1on*of GLC w1th dikes. Stralght 11ne segments

.werélused whlch'd1v1ded the model into five regions in Xy =v[xfx(dikeﬂ /H

' o

as g1ven below and shown in F&g&re 6-7.

d

& o ‘ _“ -
:, Q. o i
n= lz(h@ ‘ e Xg <-2.5
= x _Ih£!££;1£ \ R - S 1 2.5¢ x,< 20
n= % 22.5 1. t 223 (”Iow;\ ) CTEt Xy
"= Mow 4 : | o 20< x4< 60 (6-9)
1-n, y S e
- % low | o v e o 60< :
N Xy 20 f T Mo T3 60%ixy< 80
N =1 » : ot _A 2 B | r T o >80 .
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The minimum value of n, which defines the magnitude of the corfection,
4 : .

<is given by
| -1 -1 |8 5 ‘ (6-10)
. Mow = 1 o

It is clear that from the data in Figure 6=7 that (1 - Qlow) intreases
non-linearly with dike hg}ght‘ and it is afso eXpected that the ratio
of the dike height to the sfack height would be of importance in a
general correlation. Eecauie only two dike heights and one stack height
were fested, (6-10) is only a breliminary estimate in lieu éf furthér
data. |

In_(6-9), tﬁeAexfensioh of diké effects slightly upwind of the
.dike crest (2.5 dike heights) was to account for 1oca1 streamline com;
pressién effects on GLC which were'observed to increase GLC J;luésw

directly above the dikés, This phenomenon was also observed by Wilseén

(1977) for flow over'geﬁfle hills.

Predicted GLC With Dikes

Equé;ions.(G-S), (6-9)_énd (6-10) wére used to predict GLC
values for all the cases tested in-the study (see Table 6-1). These
predictions are shown along with the measured values in Figures 6-8
throughA6—12.irIn.each case, the predicted ‘curve for the flat terrain
case is also shown.

A number of conclusions may be drawn from these predictions: .
(1) The correction model was successful, producing about the right‘

' émountfgf increase in GLC above the flat terrain prediction for all'

cases (considering that:the data was used to obtain the model for n this

>

“is not too sprprising). For the plume model A cases, this can be,directly

-
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seen from the good'closeneos of fit between the data and the predicted
curvos with correction. For the 1 m/sec case of plume Model B shown

in Figure 6-12; the apparént overprediction in the dike correction was
due to the fact that t‘??‘flat _terrain predlctlon also overpredlcted the
flat terrgln data‘by about the same amount, as shownvin Figure 6-5.

In Figure 6-12, g'smootheo cufve from data taken with all condi-
tions the samé excépt the plan; Sito model reversed is seen to follow
the data for U = 0.94m/sec Vefy closely This 1nd1cates that the dike
was by far the’ domlnant terraln feature and that results from this study

r

may be generallzed to any typical plant site. _

(2) Dike effects on GLC are deflnltely not linear wf;h dike height.
The'large dike is seen in Figures 6-8 through 6-12 to produce increaseo
in GLC over the flat terrain case about an order of magnitude gfeater

" than those for the mediqﬁ dike, Whioh was about half the size. This
.ié accoqnted‘for in iho-model in Eéuatiog 6-10 where'(l _.nlow) is

proportiohélifo.Hs.

Vv

Maximum Values'of Groond Level Coﬁcentrafions,(GLC)
For all the cases testéd the GLG predlctlons from the Gaussagn
plume model (6- 8), with dlke corrections (6- 9) and (6-10) were. carrled
out as farldownwlnd as necessary to determine the pbsitioﬁ, xmax’ and
magnitude of the maximum value o£ GLC. These results are‘given in
Table 6-1 wﬁere the mag;itude results are expressed as the ratio of
maximum GLC with the dike to the maximum GLC for Epe flat terrain casen
In Table 6-1 it is seen that the effect oé the large dike was

to increase the maximum GLC value by about 20% 1n all cases, and also

cause that value to be reached about 206 closer to the stack compared
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B

to the flat terrain case. The medium (45.8m full scale) dike was found
to have only at most a 3% ‘effect on maximum GLC, with a negligible

effect on x . '
: max ‘
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FROM PLUME MODEL B AT x = 150 cm . T
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FIGURE 6-5:"7 PREDICTED AND~ MEASURED GLC FOR PLUME MODEL B WITH

a -

P

’FLAT TERRAIN
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Us = 1.0 m/s WITH THE MEDIUM DIKE UPWIND AND DOWNWIND

yE
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CHAPTER VII
SUMMARY AND RECQMMENDATIONS
B o
v ' e, Y _
A w1nd tunnel model was used to examine the behav1our of . . .
stack plumes on an 011 sands surface m1n1ng 51te As a result -of
the current mode111hg pract1ses the mean flow Reynolds number in
the wlnd tunnel was about 257 OOO times smaller than that in the
full, scale atmospherlc flow. This required a careful 1nvest1gat10n
' of Reynolds number effect‘bn'sevefgl flow 51tuat1on%>1n .the model
before the model could be Used’ with confldenee The results of these

'1nvest1gat10ns are appl1cable to manx\phy51cal modelllng situations

®here Reynolds number m1smatches occur. T ‘ A
- K / !

% )

Reynolds Numé:;\gffects on Cylinder Flows

" to. exert realistic X

]

The wake hind the model- stacks app
) o —
olds number mismatc¢h,

N 3

downeffects onﬁthe mooel olumes in.s?ife‘D£
This was due to the close s1m11ar1ty.1n cylinder base pressure coeffi-
cients at —Cpb'“O 86 between the model stack flows in the subcritical
regime and the full scale s%ick flows in the transcritical reglme

s |
Great care must be taken in modelling of the 'stack wakKe effect, because
if the full scale stack flows are in the supercritical reglme, where

. base pressure coefficients ;ch are much smaller, the model stacks will

: 1ike1y‘exaggeratevstack‘downWash.

Plume Rise and'Stack Downwash

-5J,A'plume’riseﬁmodel'forfneutrally~stable“atmosphEres,ft¢411),

114 .
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was. developed aﬂd~inc1uded the effectsvof both‘plumerupygncy‘and.wA

‘ . N T o
momentum. This model was found to compare very well with measured

plume trajectories. . It appears that momentum rise (the 1/3»1aw)"and

buoyancy rise (the 2/3 law) ?dd:as;the’sum of cubes. ,Therefore,&éﬁther

one' is equally as useful a means of producing plume rise as the other.

Also, for the majority of the plume trajectory, one type of rise is

‘dominant, making it-reasonable to consider momentum jet-entrainment:

and buoyant plume entfainment'as.éeparate phenomeﬁa.‘

N yélpe§'of'the moggn;qm{rise éntrainment ;opstantvsljtp_match
measured plume rise Qére.preAiétable frém‘é simpie’sémi—empiricai
model; (4-14). This mddel is fpcommenaed for usé'in genéral stack ’
design’calculations.‘

The buoyancy;rise entrainment cénstant 82 varied with atmos-
pheric and stack flow conditions in agreement with physical arguménts

regarding entrainment. It was possible to identify constant 82.

- vdlues: for various flow conditions, :although the validity of 'such a .-

o

" procedure is- somewhat ‘questionable. - Apparently, there is no univer-

Sally éppiicable:coﬁstant yalue‘of‘ 52, as suggested by Briég;A(iQ%éj :
( 82 =,O.6).’ Developing.a.compregensiye,model for' 82 fo include
all relevant entrainment effects.is a topic for future studf.

Plumes in turbulent cross¥flows were observed to achieve final

rise. The simple criteria, 2200 LB’ was found to predict

Xfinal-~
this phenomehon for plumes under a wide Variety of conditions. The
constant of proportionality,might have to be'édjusted,slightlylfor'use
with boundéry layers other. than the one tested.

The momentum flux ratio ¢M was found to be strongly cofrelated

with the degree Of'sevefity of the stack downwash effect.. To avoid
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downwash, ‘the des1gner should ensure that ¢ 2. At lower values,
plume rlse w1ll ‘be suppressed but st1ll predlctable by (4- ll) down to

about v$M = l u51ng'ad3usted B values ) Below oM =_1, little or 7

- no plume rise is expected..

A J

Reynolds Number Effects on Dike Flows

Flows past ta1l1ngs pond dlkes were found to be severely affected

-‘by the Reynolds number mlsmatch in the(model Wodel dikes had a

greatly exaggerated wake 51ze and 1nf1uence on downw1nd flow turbulence

. This type of" modelllng error is expected for all types of terrain

fedtures where separation points are not fixed by sharp edges. The
use of a flow deflector vane mounted on the dike crest improv the

model substantially, creatlng mean flow and turbulence proflles down—

4 &

wind of the dlkes whlch were close to the: expected full scale proflles

Dike Effects on Ground Level ConCentration (GLC)

The Gausslan model for plume dlspers1on was found to be

adequate in- f1tt1ng both measured plume concentratlon proflles and

K4

predtctln GLC values. More complex dispersion models do not seem to

',be necessary, as the Gau551an model could predlct all the 1mportant

plume behaviour, such as ground reflection, and the Shape of ground

level concentration profiles.

?

The presence of dikes upwind and downwind.of a stack was found

.to increase measured GLC. values in general Thi's could be accounted

for in the Gaussian model by the use of 1ncreased o values In-”

credses in oz»are not the only d1ke,d15turbance effect, but the fact

y

~ that this was the one model, of the attempted corrections that gave C

reasonable results suggests ‘that the dominant effect of dikes may be -
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: lee effects.on éLC were found to be very non- 11near w1th dike
helght, as prov1ded for- by the dependence of n on H3 in (6- lO), and
the non llnearlty of the Gauss1an model itself, 1n (6-8). Thus,
large dlkes produced dlsproportlonately 1arg°r d1sturbances to GLC
4than smaller dlkes

The maximum value of GLC for a plume was found tojbe fairly
insensitive to dike disturbances,\even when.large increas

N

~due to dikes were present prior to Xnax” For dikes

GLC

half
the stack height in the present model, increases i only

about 20%. ThlS means that pred1ct1ng C ass'mlng flat terral

ax

would in most cases be adequate for stack de51gn';d

Seueral spec1f1c recommendat1ons are made |from thé.results
of the present study: o
o (i}f In. plume modelllng;”modelsdshould be as large as convenlently
‘p0551b1e to minimize Reynolds number mlsmatch |
'(2} WhenAmodelllng stack downwash -smooth model stacks maY‘probablyﬂﬁ
‘be used- 1f the full scale stack flows are transcr1t1cal However |
full scale base pressure measurements on stacks would bevvery helpful
in determlnlng if the flows were correctly modelled espec1ally
because. of the.stack end,effect. Further 1nvest1gat1on in this area
‘;ls recommended;
\\ (3) Stack.de51gners should con51der momentum as well. as buoyancy
af a means of produC1ng plume rlse pantleularly because inereasing
_g/(/éM will mlnlmlze stack. downwash ‘ ;]]j1¢‘7“‘ B "j | d' h h.i.j J

(4)a When modelllng flow over smooth ‘terrain obstacles such as dlkes

external flow modlflcatlon is recommended as a- means of av01d1ng the‘
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L

" unrealistically large recirculation ‘zones thatltypically exist at

low Reynolds number.

(5) "The Gaussian plume model is recommended for use 1n predlctlng

'ground level concentratlons from stack§ The far downstream varlatlon

B4

‘,‘1n ground level concentrations should be 1nvest1gated to determlne

J

if the Gaussian model will remain valid after a buoyant plume has

achleved flnal rlse

o
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APPENDIX A
CORRECTION TO GLC MEASUREMENTS FOR MEAN
.. . TUNNEL SPEED:VARIATIONS .
,e .’ /

(:?u

In the present study, the mean tunnel speed was found to_vary‘f

7

slowly around the desired constant value for a test by about +2% ./

(maximum) for successive 100 second averages. It was possib1e~fo correct
for this in the case of éLC measurements.

Ground level concentration readings -are very sensitive to
changes in windspéed. This:can bg séén by exahining the Géussian model

for GLC ‘

° . _Q exp. -h ' (6-3)

c_ o o
s y z*

By the 2/3 law for buoyant plume rise, Ah is inversely proportional

3

to U. With this, (6-3) becomes

This strong dependence of CO on windspeed indicates the need fo closelx
control tunnel §peed when taking GLC measurements. This-led to the use‘
of the cloth filter stretched across the tunnei'test section end for

plume model.A ﬁeasurements, as discussed in Chapter Vi. 2
It is d¢§irab1e'to relate small changes in U to their resulting

L4

ks
S~



' dW/w = dCO_/Co and (A-3) may be rewritten as

125

effect on C_. Defining a concentration parameter, y = (noybzco)/(QCs),."

(6-3) becomes

o\- \,4' ‘ v - , w '4'.: _U_.‘ 5 (A_l‘))
Taking the ‘logarithm of (A-1),
. 2
; - 1 1 h ‘
lnl}) = In (ﬁ) - 5‘ -——7 . L (A—ZA)
. o, : . S

. Using small disturbance theory,.variations are assumed only in" ¢ and

U. With Ah « 1/U, (A-2) is differentiated to obtain

T (A-3)

o
VA .
§
Without the term involving AK; (A-3) repreééﬁts'thé relationship
between { and U for a non-buoyant plume. For noh-buoyant'sourées, )
the quantity CU/Q is preserved, and this differentiates to ‘dwﬁp= - du/u.
The additional term, (Ah)h/ozz, represénts the modification to the

non-buoyant relationship to account for plume rise.

Assuming the use of the Brookhaven C (neutral stability) power

x0'78. Also, at a fixed locafion,

law equation for vertical spread, o, =

dC, du K(Ah)h

T T U | P ise (A-4)

7

where K is a dimensional constant. It was necessary to measure K
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because the amount of variation measured in Co and U were ’dependent
: : o - - ‘

\Y)

. A

¥ &

on-thé.wqy measuremeﬁts were, taken, through sampling times pséd and

.responsé characteristics éf;;DE—quipment.i ;

. A study‘was undernéken'ugiﬁé plumeimdaél A’atFUS:=‘Q;$':_Q.1 m/s. ;

) “Grbﬁhdﬁ1ével’con§;npration;mqasgfemgnts‘Qere taken at é'fiXed"10catioﬁ;
X = 260 cm, using 100 ;ecoﬁdtéémpiés{b Ali‘ﬁfgcedares éﬁdiédﬁiphentnf"
weré as described in Chapter II for GLC-measﬁfément.

A measurement of meaaniUQSPeed U; was taken before and after

.eééh 1Q0‘fecond sample usihg»the»Kurz Mode1.435 Anémdmetérlwith capa-
éitorvdamped’oﬁtputs(time‘ébnstant'T = 100 sec.). The ayefage 6f these
two readings wés'usgd as an estimafe,of‘tﬁg avefagéHQalué of'US |

- during each sample éeriod. This is the’same'prdcedure.usedAduring all
GLC measufeﬂfo in the present study.

_ Froﬁ.a large .number ofkreadings at x = 260‘cm af windépeeds

"betweén_abdut'U;’= 0.4 m/s and Us-=>0.6m/s the éonstaﬁt K was ob4

0.44

tained as K = 51 cm. , This value was used with (A-4) to correct

‘all. GLC measurements in the present study. For example, far a GLC

sahple nominally at US = 0.5 m/sec, the correction equation would be:

1
¥y

Co(measured) - Co(standard) i} 0.5 - Us(measgred) L. K(Ah)h

C (standard) ' _ 0.5 v 1.56
A . X

“+ . ‘

where Co(étandard), the corrected value of GLC, is the only unknown.
Plume rise values used in the calculation of K and in all

model A correc;ioﬁs were: for US =1 m/s, Ah =.2'cm; and foi:.;"';Us = 0.5 m/s,

as given below:

x(cm) |100 110 120 130 140 150 160 170 180 (and up)
Ah(em)[ 9.9 10.4 11.0 11.6 12.1. 12.5 '12.9 13.4 13.6
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‘When' (A-4) was used to correct plume Model B data,7Ahi= 0
was used.for Ué = 0.9 m/s and for Us = 0.45 m/s, Ah was calculated

-—

using (4:11) and (4-15).

_The magnitude.of the GLC correction using (A-4) was typically

-less thén ;06 for US = 0.45 and 0.50 m/s, andvtyplcalix\ifif than

"1%‘fdr-us = 0.90 and 1.0 m/s.



