
3 4 4 5 6  0146008 8 

ORNL-6232 

Transport of 
Breeder Reactor-Fire-Generated 

Sodium Oxide Aerosols for 
Building-Wake-Dominated Meteorolc 

D. E. Fields 
A. C. Cooper 
C. W. Miller 

W Y  



Printed in the United States of America. Available from 
National Technical Information Service 

US.  Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

NTlS price codes-Printed Copy: A04; Microfiche A01 

This report was prepared as an account of work sponsored by an agency of the 
United StatesGovernment. Neither theU nited StatesGovernment nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency 
thereof. 



ORNL-6 23 2 

HEALTE AND SAFETY RESEARa DIVISION 

Transport  of Breeder React or-P i re-Gene r a t e d  
Sodium Oxide Aerosols f o r  

Bo i 1 ding -W ake-Dom ina t e d Me t e o r  o l  ogy 

D. E. F i e l d s  
A. C. Cooper1 
C. W. M i l l e r  

'University of TennesseeD Knoxville, TN 37996 

Date pub1 ished: February 1987 

Prepared f o r  t he  
U.S. Department of Energy 

Advanced LMR Concepts 
Task BRPH03 

Off ice of Breeder Reactor Technology P r o j e c t s  

P r o j e c t  Monitor: G. F. Planagan 

Prepared by the  
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37 831 
operated by 

f o r  t he  
U. S. DEPARTMENT OF ENERGY 

under Contract No. DE-ACO5-84OR21400 

MARTIN MARIETTA ENERGY SYSTEhisD INC. 

I 





iii 

LISTOFFIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . .  v 

LISTOFTABLES . . . . . . . . . . . . . . . . . . . . . . . . . . .  v 

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . METHODOLOGY FOR SLOPJ-SPEED AND FOR VERTICAL 
EMISSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

3 . METHODOLOGY FOR HORIZCNTAL RELEASES . . . . . . . . . . . . . . .  11 

4 . APPLICATION OF METBCXK&OGY . . . . . . . . . . . . . . . . . . . .  17 
4 .1  SAFR Power Pak Arch i t ec tu ra l  Configurat ion . . . . . . . . .  17 
4.2 Meteorological and Source Parameters . . . . . . . . . . . .  17 
4.3 Slow Speed Releases  . . . . . . . . . . . . . . . . . . . . .  19  
4.4 High Speed Releases:  Exhaust Po r t  El . . . . . . . . . . . .  19  
4.5 High Speed Releases:  Exhaust P o r t s  E2 and E3 . . . . . . . .  22 
4.6 High Speed Releases:  Exhaust Po r t  E4 . . . . . . . . . . . .  22 

5 . SENSITIVITY OF RESULTS To VARIATIONS I N  MODEL INPUT . . . . . . .  25 

6 . UNCERTAINTIES FUNDAMENTAL To 'IBE ME.TBODOLOGY. . . . . . . . . . .  33 
6 .1  Building Wake E f f e c t s  . . . . . . . . . . . . . . . . . . . .  33 
6 .2  Plume Rise E f f e c t s  . . . . . . . . . . . . . . . . . . . . .  34 

7 . DISCUSSION AND RECOMMENDATIONS . . . . . . . . . . . . . . . . . .  35 

APPENDIX A: CODE NAl.F4. . . . . . . . . . . . . . . . . . . . . . .  39  

APPENDIX B :  CODE lNlFS.F4. . . . . . . . . . . . . . . . . . . . . .  41 

APPENDIX C: BEACH.F4. . . . . . . . . . . . . . . . . . . . . . . .  45 

APPENDIX D: PROGRAM 2IG.FOR. . . . . . . . . . . . . . . . . . . . .  49 

APPENDIX E: PROGRAM INlSP2.F4. . . . . . . . . . . . . . . . . . . .  53 





V 

FIGURES 

Figure P_age 

1 Generalized a r c h i t e c t u r a l  conf igu ra t ion  f o r  SAFR 
power p a k .  . . . . . . . . . . . . . . . . . . . . . . . . 18 

TABLES 

Tab l e  Page 

1 Sodirma aerosol  concent ra t ions  ( k g / d )  f o r  slm speed 
r e l e a s e s  and an  emission r a t e  of 6.9 k g / s  . . . . . . . . . 20 

r e l e a s e s  (Exhaust Po r t  diameter = 3.72 m) . . . . . . . . . 21 
2 Sodirma aerosol  concent ra t ions  ( k g / d )  f o r  high speed 

3 Sodium aerosol  concent ra t ions  ( k g / d )  f o r  high speed 
r e l e a s e s  (Exhaust Po r t  diameter = 1.86 m) . . . . . . . . . 26 

Sodium aerosol  concent ra t ions  ( k g / d )  f o r  high speed 
r e l e a s e s  (Exhaust Po r t  diameter = 2.34 m) . . . . . . . . . 27 

4 

5 Sodium aerosol  concent ra t ions  ( k g / d )  f o r  high speed 
r e l e a s e s  (Exhaust Po r t  diameter = 5.58 m) . . . . . . . . 28 

6 Ver t i ca l  d i s tance  between emission he igh t  of a ho r i zon ta l  
aerosol  plume d i r e c t e d  upwind, and t h e  e l eva t ion  of t he  
c e n t e r l i n e  of t he  r e t u r n  plume t o  t h e  v e r t i c a l  plume 
d i r e c t l y  above t h e  emission point  . . . . . . . . . . . . . 30 



'IRANSPORT OF BREEDER REACI'OR-FIRE- GHUERATED 
SODIUM OXIDE AEROSO&S FOR BUILDING- 

WAXE-DOMINATED ME'IEOROLOGY 

D. E. F i e l d s ,  A. C. Cooper, and C. W. Mi l le r  

ABSTRACT 

This  r e p o r t  desc r ibes  t h e  methodology used and r e s u l t s  ob ta ined  i n  
e f f o r t s  t o  es t imate  the  sodium aerosol  concent ra t ions  a t  a i r  in take  
p o r t s  of a l iquid-metal  cooled, fas t -breeder  nuclear  reac tor .  An 
e a r l i e r  ve r s ion  of t h i s  methodology has been previously d iscussed  
( F i e l d s  and Mi l l e r ,  1985). A range of wind speeds from 2-10 m / s  i s  
assumed, and a n  e f f o r t  i s  made t o  include bu i ld ing  wake e f f e c t s  which, 
i n  many cases ,  dominate the d i s p e r s a l  of ae roso l s  near bu i ld ings .  For 
r e l a t i v e l y  small re lease  r a t e s ,  on t h e  order  of 1-10 k g / s ,  the  plume 
r i s e  i s  small and e s t ima tes  of aerosol  concent ra t ions  a r e  der ived us ing  
t h e  methodology of Wilson and B r i t t e r  (19821, which desc r ibes  r e l e a s e s  
from surface vents .  For r e l ease  r a t e s  on t he  order  of 100 kg/s .  much 
higher  r e l ease  v e l o c i t i e s  a r e  expected, and plume r i s e  i s  considered. 
An e f f e c t i v e  increase  i n  r e l e a s e  he igh t  i s  computed using t h e  Spl i t -E 
methodology with a parameter iza t ion  suggested by Ramsdell (19831, and 
t h e  r e l ease  source s t r eng th  i s  transformed t o  roo f top  l e v e l .  Evalua t ion  
of the acute  r e l ease  aerosol  concent ra t ion  i s  then  based on t h e  
methodology fo r  re1  ease s from a surf ace re1  ease of t h i s  transformed 
source s t rength .  For a ho r i zon ta l  re lease ,  a methodology i s  developed 
t o  c h a r t  t he  plume path as  a func t ion  of r e l ease  and s i t e  meteorology 
parameters. 

Resu l t s  descr ibed h e r e i n  must be regarded a s  maximum aerosol  
concent ra t ions ,  based on models der ived from gene r i c  wind tunnel 
s tud ie s .  More accura te  and s i te -spec i f  i c  r e s u l t s  may be obtained 
through wind tunnel s imula t ions  and through s imulat ing emissions from 
r e l ease  p o i n t s  o the r  than those assumed here .  

1. INTRODUCI'ION 

Liquid-metal cooled nuc lear  r e a c t o r s  o f t e n  use l a rge  q u a n t i t i e s  of 

l i q u i d  sodium or sodium-potassium a l loy ,  and eva lua t ion  of t he  poss ib l e  

consequences of a l i q u i d  metal  f i r e ,  henceforth r e f e r r e d  t o  a s  a sodium 

f i r e ,  i s  a n  important cons idera t ion  of the  design process.  One f a c e t  of 

t h i s  eva lua t ion  i s  t o  determine the  sodium aerosol  concent ra t ion  a t  t h e  

a i r  in take  por t s .  These p o r t s  a r e  used f o r  hea t  exchanger cool ing,  and 
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blockage of a c r i t i c a l  number of p o r t s  would l ead  t o  a s i g n i f i c a n t  

cool ing  problem. To provide an added s a f e t y  margin, e x t r a  cool ing  p o r t s  

a r e  included i n  the  r e a c t o r  design. 

This  r epor t  desc r ibes  the  methodology used and the  r e s u l t s  ob ta ined  

i n  e s t ima t ing  the  sodium aerosol  concen t r a t ions  a t  s e l e c t e d  a i r  i n t ake  

p o r t s  of a l i q u i d  metal-cooled f a s t  breeder  nuc lear  r e a c t o r  under medium 

wind-speed condi t ions  during sodium aerosol  f i r e s .  Th i s  methodology i s  

based on an approach descr ibed  previous ly  ( F i e l d s  and Mi l l e r ,  19851. 

The methodology has been extended t o  include hor izonta l ly-emi t ted  j e t s ,  

and i s  here  appl ied  t o  a d i f f e r e n t  power pak conf igu ra t ion  than  t h a t  

considered i n  the  e a r l y  r epor t .  These c a l c u l a t i o n s  a r e  important 

because they suggest  t h a t  r e a c t o r  cool ing a t  s a f e  l e v e l s  may be poss ib l e  

even i n  t h e  event  of such f i r e s .  Bui lding wake e f f e c t s ,  which i n  many 

cases  dominate the  d i s p e r s a l  of ae roso l s  near  bu i ld ings ,  a r e  included i n  

these  c a l c u l a t i o n s .  A p r o p r i e t a r y  r e a c t o r  design was obta ined  from 

Rockwell I n t e r n a t i o n a l ,  and the  s i t e  was parameter ized us ing  

a r c h i t e c t u r a l  b l u e p r i n t s .  These s i t e  parameters here  serve a s  i npu t s  

f o r  a methodology based on work by Wilson and B r i t t e r  (19821, Briggs 

(1971, 1974, 19751, and Ramsdell (19831, which was used t o  determine the  

ae roso l  concen t r a t ion  values .  Values were generated f o r  a range of wind 

speeds from 2-10 m / s .  
maximum aerosol  concent ra t ions ,  based on models der ived  from gener ic  

wind tunnel  s t u d i e s .  More accura te  and s i t e - s p e c i f i c  r e s u l t s  may be 

obtained through wind tunnel  s imula t ions  and through s imula t ing  

emissions from r e l e a s e  p o i n t s  o the r  than those assumed here .  

Resu l t s  descr ibed  h e r e i n  must be regarded a s  

Our conclusions include the fol lowing po in t s .  F i r s t ,  our  r e s u l t s  

show t h a t  the concen t r a t ion  of sodium ae roso l s  a t  r e a c t o r  cool ing  p o r t s  

a r e  very  much a func t ion  of the  design of emission p o r t s .  For example, 

the  choice of r a i n  cap design f o r  a s t a c k  has  a s i g n i f i c a n t  impact on 

the  path of the  ae roso l  c loud r e l eased  from the  s tack ,  and on t h e  

u l t ima te  concen t r a t ion  of aerosol  a t  i n t ake  po r t s .  S imi l a r ly ,  

a p p l i c a t i o n  of the  methodology developed i n  t h i s  r e p o r t  demonstrates 

t h a t  a l lowing h o r i z o n t a l  emission of ae roso l s  may lead  t o  ae roso l  

concent ra t ions  t h a t  a r e  s i g n i f i c a n t l y  above what would be expected from 

v e r t i c a l  aerosol  emissions.  
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A second important conclusion,  t h a t  fol lows from cons ide ra t ion  of 

t he  behavior of aerosol  c louds under low-speed condi t ions ,  and t h a t  i s  

supported by the  unce r t a in ty  a n a l y s i s  presented  here ,  i s  t h a t  t h e r e  i s  a 

d e f i n i t e  need f o r  f u r t h e r  cons ide ra t ion  of sodium aerosol  t r a n s p o r t  

fol lowing l i q u i d  metal  f i r e s  i n  breeder  r e a c t o r  complexes. Low wind- 

speed condi t ions  (calms) a r e  inadequately t r e a t e d  i n  present  

methodologies, inc luding  those developed here .  A separa te  methodology, 

not der ived  from cons ide ra t ions  of r e l e a s e s  from sur face  vents  and 

s t acks  f o r  wind speeds g r e a t e r  than  2 m / s ,  should be developed t o  

cons ider  t r anspor t  under condi t ions  where the  wind speed l i e s  between 0 

and 2 m / s .  

We have poin ted  out t he  need f o r  such a methodology t o  R o c h e l l  

I n t e r n a t i o n a l  s t a f f ,  and have discussed the  cons iderable  unce r t a in ty  i n  

model p r e d i c t i o n s  t h a t  i s  generated by omit t ing  from cons ide ra t ion  wind 

speeds below 2 m / s .  





2 .  METHODOLOGY FOR SLOW-SPEED AND FOR VERTICAL EMISSIONS 

It i s  gene ra l ly  agreed t h a t  wind tunnel  experiments a r e  the  most 

r e l i a b l e  laboratory-scale  methods f o r  p r e d i c t i n g  ae roso l  d i s p e r s i o n  and 

ae roso l  concent ra t ions  i n  reg ions  where bu i ld ing  wake e f f e c t s  a r e  

dominant. In view of the  complexity and expense of s i t e - s p e c i f i c  wind 

tunnel  s tud ie s ,  gener ic  wind tunnel  s t u d i e s  have been performed t h a t  

provide s c a l i n g  f a c t o r s  and empir ical  c o e f f i c i e n t s  t h a t  allow the  

p r e d i c t i o n  of maximum aerosol  concent ra t ions  f o r  general  cases .  Wilson 

and Br i t te r ,  (1982) summarize some of these  s t u d i e s  f o r  aerosol  r e l e a s e s  

from sur face  and roof vents .  

The r a t i o  of the  aerosol  concen t r a t ion  CS (kg/m3) a t  a bu i ld ing  
sur face  exhaust vent  t o  the  upper bound of the concent ra t ion  C (kg/m 3 1 

a t  a receptor  po in t  is shown (Wilson and B r i t t e r ,  1982) t o  be 

where 

KE = (CS U A)/Q,  

R = s h o r t e s t  d i s t ance  between source and r ecep to r ,  measured 

along bu i ld ing  (m), 

D = empir ica l  cons tan t  of magnitude 9.0 f o r  roof vents ,  

A = pro jec t ed  bu i ld ing  f r o n t a l  area (m 1 ,  
U = windspecd a t  roof l e v e l  f a r  upwind of bu i ld ing  ( m / s ) ,  

Q = source i n t e n s i t y  ( k g / s ) .  

2 

Equation (1) and the  express ion  f o r  KE may be rearranged t o  y i e l d  

It i s  un l ike ly  (except f o r  very low wind speeds)  t h a t  a s i g n i f i c a n t  

f r a c t i o n  of aerosol  p a r t i c l e s  w i l l  be t r anspor t ed  aga ins t  the  p r e v a i l i n g  

wind. Although flow sepa ra t ion  a t  roof and wa l l  edge may occur i n  

s t rong  winds (Hosker, p r i v a t e  communication), i d e n t i f i c a t i o n  of the 

s i t u a t i o n s  where t h i s  mechanism might lead  t o  heightened in l e t -po r t  

concent ra t ions  must be based on wind tunnel  s tud ie s .  

5 
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I f  plwne r i s e  i s  t o  be accounted f o r ,  it i s  necessary  t o  compute an 

"ef fec t ive"  source s t r e n g t h  normalized t o  the roof he ight  and t o  use 

t h i s  normalized source s t r e n g t h  i n  Eq. (2) t o  determine a concen t r a t ion  

a t  po in t s  downwind. The sec to r  average roof l e v e l  concen t r a t ion  CC 

(kg/m 1 ( f o r  a downwind 22.5-degree s e c t o r )  i s  given by the equat ion  

( F i e l d s  and Mi l le r .  1980) 

3 

where 

x = source emission po in t  t o  roof-edge d i s t ance  (m), 

Q = v e r t i c a l  d i s p e r s i o n  c o e f f i c i e n t  (m), z 
h = plwne r i s e  (m), above the  emission poin t .  The he ight  above 

the receptor  po in t  i s  determined from the receptor  po in t  

e l eva t ion .  

The e f f e c t i v e  roof source s t r e n g t h  QR f o r  t h i s  concen t r a t ion  may be 

approximated by mul t ip ly ing  the  concent ra t ion  i n  Eq. ( 3 )  by the  downwind 

plume area  c ros s  s e c t i o n  and the  wind v e l o c i t y .  For the  22.5-degree 

s e c t o r  p l ~ l e .  t h i s  c o r r e c t i o n  y i e l d s  

The value of the v e r t i c a l  d i s p e r s i o n  c o e f f i c i e n t  Q i n  Eq. (4 )  i s  

dependent on b u i l d i n g  roof wake e f f e c t s .  It may be approximated (Wilson 

and B r i t t e r .  1982) by 

z 

0.25=0.75 u = 0.21 RP z ( 5 )  

The sca l ing  f a c t o r  RF f o r  wake-dominated a i r  flow and d i f f u s i o n  (Wilson 

and B r i t t e r ,  1962) i s  ca l cu la t ed  f o r  a given wind d i r e c t i o n ,  based on 

DS, the  smal les t  bu i ld ing  dimension perpendicular  t o  the wind vec to r ,  
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and DL, the  l a r g e s t  bu i ld ing  dimension perpendicular  t o  the  wind vec to r .  

In a conserva t ive  c a l c u l a t i o n ,  wind d i r e c t i o n  must be chosen such t h a t  

t r anspor t  i s  g r e a t e s t  f o r  t he  emission and receptor  p o i n t s  of i n t e r e s t ,  

and wi th  cons ide ra t ion  of the inf luence  of DS and DL on the  ae roso l  

concent ra t ion .  I t s  va lue  i s  given by 

The amount of momentum-driven plume r i s e  h above the emission po in t  may 

be p red ic t ed  (Ramsdell, 1983) from the exhaust p o r t  e x i t  diameter D, the  

windspeed U, and the  exhaust v e l o c i t y  W by the  equat ion  

h = 3 D W / U .  (7)  

There e x i s t ,  i n  a d d i t i o n  t o  momentum-driven plume r i s e  which r e s u l t s  

from the i n i t i a l  upward plume v e l o c i t y ,  o t h e r  mechanisms t h a t  i nc rease  

the  e f f e c t i v e  aerosol  re lease-height .  These o the r  mechanisms, which a r e  

dr iven  by d e n s i t y  d i f f e r e n c e s  between the  plume and the  ambient a i r ,  

r e s u l t  i n  a more gradual  l o f t i n g  of the plume i n  comparison t o  momentum 

plume r i s e .  These d e n s i t y  d i f f e r e n c e s  r e s u l t  from (1) temperature 

d i f f e rences ,  (2 )  molecular weight d i f f e rences ,  and (3)  water d rop le t  

evaporat ion a f t e r  plume emission. The plume water  content  i s  assumed 

zero  f o r  t h i s  app l i ca t ion .  B r i g g s  (1974) p r e s e n t s  methods f o r  

e s t ima t ing  the plume r i s e  from these e f f e c t s .  

Briggs '  (1974) computes density-driven plume r i s e  based on the  

parameter %, where AD i s  def ined by 

AD = AT + Am + Aw , 

where 

% = the  temperature con t r ibu t ion  t o  the  r e l a t i v e  
d e n s i t y  d i f f e r e n c e ,  

A = the  molecular weight con t r ibu t ion ,  and 

A = t he  l i q u i d  water  con t r ibu t ion .  
m 

W 
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These contributions to a r e  eva lua ted  a s  fo l lows:  

% = -(cpo/cp) (AT/T) , 

where 

cpo = t he  s p e c i f i c  h e a t  capac i ty  a t  constant  pressure  
of t he  e f f l u e n t ,  

cp = the  s p e c i f i c  h e a t  capac i ty  of t he  ambient a i r  

AT = t h e  d i f f e rence  between t h e  e f f l u e n t  and ambient 
(cp = 0.24 cal/gm - OK), 

temperatures ,  and 

T = the  ambient absolu te  temperature; 

(9) 

where mo i s  t h e  r ec ip roca l  of the  mean of the inverse  molecular weight 
of the  e f f l u e n t ;  and 

where Qw i s  t h e  est imated mass f l u x  of l i q u i d  water  i n  t h e  e f f l u e n t  and 

Qo i s  t h e  mass f l u x  of t he  e f f l u e n t .  

Once parameter % i s  found, B r i g g s  sugges ts  t h a t  parameter F be 
computed us ing  t h e  equat ion 

and from t h i s  t h e  densi ty-dr iven plume r i s e  Ah i s  given, f o r  daytime 

condi t ions  wi th  the  wind speed U g r e a t e r  than 3.5 m / s ,  

Ah = 21 F2/3 U , (13) 

and f o r  night t ime condi t ions  when t h e  wind speed U is l e s s  than  3.5 m / s ,  

Ah = 19 F1/3 . (14) 
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In summary, maximum aerosol  concent ra t ions  expected on bu i ld ing  

s u r f a c e s  from low speed and v e r t i c a l  bu i ld ing  sur face  r e l e a s e s  wi th  no 

plume r i s e  may be determined us ing  Eq. ( 2 ) .  I f  plume r i s e  is expected, 

then Eqs. ( 4 1 4 7 )  may be used t o  e s t ima te  an e f f e c t i v e  source s t r eng th  

QR evaluated a t  the  roof edge. This  e f f e c t i v e  roof edge source s t r e n g t h  

may then  be s u b s t i t u t e d  i n t o  Eq. (21 ,  where R in Eq. (2)  becomes t h e  

receptor-to-roof edge d is tance .  Eqs. (8 ) - (14)  may be used t o  eva lua te  

t h e  magni tude of dens i  ty-driven plume r i s e .  





3 .  METHODOLOGY FOR HORIZONTAL RELEASES 

In order to estimate the aerosol concentration at receptor points 
on building surfaces from horizontal emissions for the conservative 

situation where the plume is injected directly into the wind, we develop 

a methodology that predicts the point above the emission point that the 

plume, being blown back toward the building by the wind, impinges on 
either the building or the vertical projection of the building wall. 

This point is the location of an effective source of aerosols. This 

effective aerosol source may be used to predict aerosol concentrations 

at receptor points (intake ports) using the equations from Chapter 2. 

To develop the path the horizontally emitted plume follows in 

space, we use the generalized Briggs (Briggs, 1971 and Briggs, 1975) 

plume-rise equations. These equations are formulated to predict 

vertical plume rise. In these equations, the effect on entrainment due 

to the relative velocity between the plume and ambient air is 

parameterized in the jet entrainment coefficient B while the effect on 

entrainment due to the temperature difference between the plume and 

ambient air is parameterized by the adiabatic entrainment coefficient 

B1. This parameterization of B1 is valid so long as the vertical 
potential temperature gradient is less than or equal to zero (considered 

a default value for Pasquill stability classes A, B, C, or D). For a 

horizontally emitted plume, the temperature gradient may be assumed 

zero. The vertical flux terms due to initial momentum and due to 

buoyancy are also separated, This separation of the effects of 

different mechanisms makes the Briggs equations a particularly 

attractive starting point for decoupling vertical and horizontal motion. 

The subset of the generalized Briggs equations that applies for zero 

potential temperature gradient (Bowers et al., 1979) predict that the 

plume rise A hN{xl at a downwind distance x is given by 

j* 

11 
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where Fm = momentum f l u x  term; 

F = buoyancy f l u x  term; 

B = j e t  entrainment c o e f f i c i e n t ;  

B1 = a d i a b a t i c  entrainment c o e f f i c i e n t ;  

u = mean wind speed (m/sec).  

Parameter B .  may be ca l cu la t ed  from the  e x i t  v e l o c i t y  Vs and the  

mean wind speed u using the  equat ion 

j 

J 

Parameter x' i n  Eqn. (15)  i s  def ined a s  fol lows:  

where 

- - X 

* 
3.5 x 

- 
* 

; x < 3.5 x and F ) 0 

4d (V, + 3 ~ ) ~  
; x <  and F = 0 

vSu 

; 1 2 3 . 5  x and F ) 0 

and F = 
,d (V, + 3 ~ ) ~  4d (Vs + 3u)2 

; x ,  
VSu vSu 
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Parameter F may be obtained using the following equations: 

F =  

0 
C 

.; F' F 

where 

T = ambient air temperature (OK); 

T = stack exit temperature = (OK), input as zero for a 

a 

S 

pure momentum source; 

F = buoyancy flux below which plume rise is due momentum only; C 

d = stack inner diameter (m); and 

g = acceleration due to gravity (9 .6  m/sec 2 1 ,  

Equations analogous to equations 15-21 must be formulated to 

predict the motion and dispersion of a horizontally-emitted plume. For 
a vertically-emitted plume described by Eqn. (151,  the effect of the 

initial upward momentum on plume rise is contained in the first term, 

while the effect of buoyancy on plume rise is contained in the second 

term. 

the first (momentum) term is needed to compute the horizontal distance 

that a single puff would move into still air before its horizontal 

velocity would fall to zero. Entrainment of ambient air would be driven 

by both jet and adiabatic mechanisms, however, so the entrainment 

coefficient should be made up of both the jet and adiabatic 

coefficients; viz., 

For a horizontally-emitted plume directed into a high wind, only 

(20) 
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B = t B I  + B: (22) 

The value of B. is given by Eqn. 16, while a reasonable default value 
J 

for Ba is 0.6 (Briggs, 1975). The time-dependence of the height of a 
parcel of a vertically-emitted plume varies for heights that are less 

than the maximum value according to x'/u in the first term of Eqn. 15, 

and this time dependence may be made explicit by replacing the quotient 

by the time since emission, te. 

directed into a wind field of horizontal velocity component u, then the 

horizontal coordinate of any parcel of the plume will vary with te, 

according to the following equation: 

If the horizontally-emitted plume is 

(23) 

This equation describes the time-dependent horizontal component of the 

position of a particle of the plume as a function of time since emis- 

sion. As one would expect, once the plume becomes mixed with the 
ambient air, it moves with the wind at a velocity -ut,. 

actually dominates the first for two reasons: the first reason follows 

from the functional dependence on t in the two terms, while the second 

reason is that we can replace x' by x only until the plume loses its 

initial momentum. The transition values for x '  are given in Eqn. 17. 

The second term 

e 

We may evaluate Eqn. 23 to obtain solutions for xE = 0.0. The 
first solution, xE = 0.0, corresponds to the initial position of the 

plume. The second solution for xH = 0.0 corresponds to time since emis- 

sion teO at which the plume returns either to 
from which it was emitted, or to the vertical 

This solution is expressed by 

the building wall surface 
extension of that surface. 

Knowing the time as given in Eqn. 24 between emission of a parcel of the 

plume and its return to the plane of the vertical building surface 
allows us to compute the vertical distance between the point of emission 

and the point of return to the vertical plane. The height above its 
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emission point that a vertically-emitted plume would reach if it were 

subject only to buoyancy considerations is same as the height above its 

emission point that a horizontally-emitted plume would reach. 

horizontally-emitted plume, we may account for the effect of buoyancy by 

choosing the second term in Eqn. 15 to obtain an expression for the the 

vertical position of the plume, AhIf: 

For a 

AhH =(% 2B u !I3 (25 1 

In this equation, we have once again included the combined effects of 
jet and adiabatic entrainment by using the combined entrainment coeffi- 

cient B as defined by Eqn. 22. 

tion of the plume when it returns to the vertical plane from which it 

was emitted, we must include variable t 

the. particular time t from Eqn. 24. We use t = x/u, where x is eo 
related to x ’  according to Eqn. 17. Incorporation of the criteria 

defined in Eqn. 17 yields 

In order to calculate the vertical posi- 

in Eqn. 25, and evaluate at e 
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In summary, for horizontally-emitted plumes injected i n t o  a wind f i e l d ,  

one may determine the ver t i ca l  pos i t ion  that the pltune impinges e i ther  

on the wall  fram which i t  was emitted or the extension of that wa l l ,  by 

using Eqn. 26 .  The elapsed time between emission of a parcel of that  

plume, and i t s  return t o  the ver t i ca l  plane i s  given by Eqn. 24 .  



4.  APPLICATION OF wETEODOLOGY 

4 .1  SAFR Power Pak Arch i t ec tu ra l  Configurat ion 

We w i l l  apply the methodology descr ibed  i n  Chapters 2 and 3 t o  

compute p o t e n t i a l  ae roso l  concent ra t ions  a t  a i r  in take  p o r t s  from 

emissions on the  bu i ld ing  s t r u c t u r e  of one of the Sodium Advanced F a s t  

Reactor (SAFR) (Lancet,  1985) power paks. Modules of t h i s  nuc lear  power 

system a r e  sodium-cooled, and a r e  designed t o  be economic and inhe ren t ly  

sa fe .  

F igure  1 presen t s  the conf igu ra t ion  of a SAFR power pak and 

i d e n t i f i e s  p o t e n t i a l  emission p o i n t s  (El through E41 and a i r  in take  

p o r t s  (I1 and 12) t h a t  w i l l  be r e f e r r e d  t o  i n  subsequent s e c t i o n s  of 

t h i s  chapter .  Ce r t a in  a spec t s  of the design a r e  p ropr i e t a ry ,  so t h i s  

f i g u r e  i s  not drawn p r e c i s e l y  t o  sca l e .  

Bui lding dimensions and geometrical  parameters were obtained from 
Rockwell a r c h i t e c t u r a l  drawings SK-P-21, -25, -27, and -28, and these  

drawings w i l l  be mentioned i n  the d iscuss ion .  

4.2 Meteorological and Source Parameters 

Wind speeds were assumed t o  vary from 2 t o  10 m / s ,  w i th  2 m / s  

i n t e r v a l s .  The methodology ou t l ined  i n  Chapter 2 i s  not considered t o  

apply t o  wind speeds below 2 m / s .  
considered.  The f i r s t ,  t o  be r e f e r r e d  t o  a s  a "slow speed release" ,  had 

an aerosol  emission r a t e  of 1.9 kg/s.  The second type of source,  t o  be 

r e f e r r e d  t o  a s  a "high speed re lease" ,  had an aerosol  emission r a t e  of 

97 kg/s  and an exhaust v e l o c i t y  of 21.9 m / s .  

diameter of 3.72 m was assumed f o r  exhaust p o r t s  o the r  than the  s tack ,  

and exhaust po r t  diameters  were va r i ed  t o  demonstrate the e f f e c t  of t h i s  

parameter on aerosol  concent ra t ions  and t o  quan t i fy  one source of 

v a r i a b i l i t y  i n  the  r e s u l t s .  

Two d i f f e r e n t  sources were 

A nominal exhaust p o r t  

17 
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Figure 1. Generalized architectural configuration for SAFR power pak. 
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4.3 Slow Speed Releases 

Aero 1 r e l e a  a t  low speed a re  assumed t o  be descr ibed by the  

methodology presented i n  Chapter 2 f o r  both ho r i zon ta l  and v e r t i c a l  

r e l eases .  Measurements f o r  parameter R were taken from SK-P-28 and -21. 

Aerosol concent ra t ions  a t  a i r  in take  p o r t s  I1 and I2 r e s u l t i n g  from 

emissions a t  p o t e n t i a l  exhaust p o i n t s  E1-E4 were ca l cu la t ed  us ing  code 

NAl.F4, the  l i s t i n g  f o r  which i s  included i n  Appendix A. 

Resul t s  from c a l c u l a t i o n s  of aerosol  concent ra t ions  a r e  presented  

i n  Table 1. From the r e s u l t s  presented i n  Table 1, one observes t h a t  

the primary e f f e c t  of wind speed on aerosol  concent ra t ion  i s  t o  d i l u t e  

the emi t ted  ae roso l s .  A t  wind speeds below 2 m / s ,  f o r  which the 

methodology i s  inappl icable ,  one would expect the aerosol  concent ra t ions  

t o  r i s e  above values  c a l c u l a t e d  here .  

4.4 High Speed Releases:  Exhaust Por t  El 

Exhaust por t  E l  i s  a s t a c k  t h a t  extends 29.2 m above the bu i ld ing  

sur face .  Measurements of a r c h i t e c t u r a l  parameters were taken from 

drawings SK-P-21 and -28. Aerosol r e l e a s e s  a t  high speed a r e  assumed t o  

be descr ibed by the  methodology presented  i n  Chapter 2 f o r  both 

ho r i zon ta l  and v e r t i c a l  r e l e a s e s .  As shown on a r c h i t e c t u r a l  drawings, 

t h i s  s t ack  i s  equipped w i t h  a r a i n  d e f l e c t o r  cap t h a t  may r e s u l t  i n  high 

speed r e l e a s e s  from t h i s  p o r t  being d i r e c t e d  downward, wi th  a r e s u l t i n g  

increased aerosol  concen t r a t ion  a t  a i r  in take  p o r t s .  The e f f e c t  of r a i n  

cap design was inves t iga t ed  by assuming the i n i t i a l  momentum of the 

exhaust t o  be d i r e c t e d  e i t h e r  v e r t i c a l l y  downward, v e r t i c a l l y  upward, or 

hor i zon ta l ly .  and by c a l c u l a t i n g  the r e s u l t i n g  concent ra t ions  a t  input 

p o r t s  c o n s i s t e n t  wi th  these assumptions. 

Aerosol concent ra t ions  a t  a i r  intake p o r t s  I1 and I2 r e s u l t i n g  from 

emissions a t  the o u t l e t  of s t a c k  (emission po in t  E l )  were ca l cu la t ed  

using code INlFS.F4, the  l i s t i n g  for which i s  included i n  Appendix B. 
Resul t s  from c a l c u l a t i o n s  of aerosol  concen t r a t ions  a r e  presented  

i n  Table 2 .  In t h i s  t a b l e ,  the e f f e c t s  of r a i n  d e f l e c t i o n  cap design 

a r e  ind ica t ed  i n  the choice of plume dynamics a s  def ined  i n  the  t a b l e  

notes;  e.g. ,  type A plume dynamics ind ica t e s  t h a t  the  aerosol  plume i s  
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3 Table 1. Sodium aerosol concentrations (kg/m 1 for  slow speed re l eases  
and an emission rate of 6.9 kg/s. 

Wind Speed ( m / s )  
Exhaust Port Input Port 2 4 6 8 10 

E l  

E2 

E3 
E4 
E l  

E2 

E3 
E4 

~~ ~ 

11 ,6 4E-0 2 

.4 9E-02 

.36E-02 

.3  1E-02 

I 2  .29E-O2 

.4 1 E-0 2 

.57E-O2 

. SOE-02 

.32E-O2 

.24E-02 

.18E-02 

. 1 SE-02 

.15E-02 

.21E-02 

.29E-02 

.25E-02 

.2 1E-0 2 

.16E-02 

.12E-02 

. 1 OE-0 2 

.9 8E-03 

.14E-02 

.19E-02 

.17E-02 

.16E-02 

.12E-02 

.89E-03 

.77E-O3 

.74E-03 

. 1 OE-0 2 

.14E-0 2 

.13E-02 

.13E-02 

.9 8E-03 

.71E-03 

.6 1E-03 

. 5 9E-03 

.83E-03 

.llE-02 

.10E-02 
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Table 2.  Sodium aerosol  concent ra t ions  (kg/m 3 1 
f o r  high speed r e l e a s e s .  

(Exhaust Po r t  diameter = 3.72 m . )  

Plume Wind Speed ( m / s )  
Exhaust Po r t  Input  Por t  Dynamicsa 2 4 6 8 1 0  

E2 

E4 

E l  I1 A 
B 
C 

I 2  A 
B 
C 

I1 D 
E 

I 2  D 
E 

I1 D 
E 

I 2  D 
E 

.7 9E+O 1 

.OOE+OO 

. l lE+01 

.OOE+OO 

. OOE+O 0 

.OOE+OO 

.003 +00 

.OOE+OO 

.51E-O1 

.53E+O1 

.54E-02 

.41E+00 

.7 7E-20 

.20E-03 

.4OE+O1 

.39E-20 

.56E+00 

.7 9E-3 6 

.10E-03 

.OOE+OO 

.23E-13 

.14E-2 5 

.14E-25 

.O OE+OO 

. l lE+OO 

.16E+OO 
- 
- 

~ ~~ 

.26E+O1 

.OOE+OO 

.26E-20 

.37E+OO 

.12E-2 1 

.6 7E-04 

.OOE+OO 

.5 9E-07 

.75E-13 

.75E-13 

.5 8E-0 1 

.95 E-0 1 
L 

c 

.2OE+O1 

.OOE+OO 

.19E-20 

.2 8E+OO 

.57B-16 

.50E-04 

.153-04 

.2 9E-19 

.33E-O8 
.44E-01 

.73E-01 

. OOE+OO 

- 

.44E+OO . 0 OE+O 0 

.15E-20 

.18E+00 

.50E-13 

.40 E-0 4 

.37E-27 

.23 E-03 

.7 9E-11 

.56E-06 

.3 5E-0 1 

,5 9E-0 1 

I 

- 

NOTES : 

A. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  downward by r a i n  
d e f l e c t i o n  cap on stack.  S tack  he ight  r e c a l c u l a t e d  and s e t  equal  
t o  29.2-3DW/U meters.  

B. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  upward by r a i n  
d e f l e c t i o n  cap on stack.  S tack  height  r e c a l c u l a t e d  and s e t  equal  
t o  29.2 + 3DW/U meters.  

C. Aerosol plume i s  assumed emi t ted  h o r i z o n t a l l y  from stack.  Stack 
he ight  set equal t o  29.2 meters.  

D,  Aerosol plume i s  assumed t o  i n t e r s e c t  the  downwind roof edge t h a t  
i s  c l o s e s t  t o  the  aerosol  emission poin t .  

E. Aerosol plume is assumed t o  i n t e r s e c t  t he  downwind roof edge t h a t  
i s  beyond t h a t  edge c l o s e s t  t o  the  aerosol  emission po in t .  

a 
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i n i  t i a1 ly d i  r e c t  ed v e r t i c a l  l y  dow m ard. 

The influence of varying wind speed i s  seen from Table  2 t o  be more 

complex f o r  high speed than  f o r  slow speed r e l e a s e s :  f o r  high speed 

r e l eases ,  a g r e a t e r  wind speed not  only r e s u l t s  i n  g r e a t e r  d i l u t i o n  of 

t h e  aerosol plume thus lowering t h e  aerosol concent ra t ion ,  but i t  a l s o  

causes g r e a t e r  d i spe r s ion  of the  plume, which can r e t u r n  emi t ted  

a e r o s o l s  t o  bu i ld ing  s u r f a c e s  t h a t  they would have missed under lower 

wind speed conditions.  

4.5 High Speed Releases:  Exhaust P o r t s  E2 and E3 

Measurements of a r c h i t e c t u r a l  parameters were taken f rOm drawings 

SK-P-21, -27, and -28, Aerosol r e l e a s e s  a t  high speed a r e  assumed t o  be 

descr ibed by the  methodology presented  i n  Chapter 2 for  v e r t i c a l  

re1 ease 8. 

Computer code BEACB. F4 was used t o  ca l cu l  a t e  aerosol concen t r a t ions  

from emissions a t  p o r t s  E2 and E3. 
i n  Appendix C. 

A l i s t i n g  of td i s  code is included 

Resul t s  of these c a l c u l a t i o n s  a r e  presented  i n  Table  2. Notes D 
and E i n d i c a t e  whether e i t h e r  the  bu i ld ing  edge c l o s e s t  t o  t h e  aerosol  

emission point ,  o r  the  bu i ld ing  edge j u s t  beyond t h e  c l o s e s t  edge, i s  

t h e  edge used f o r  the  computation of aerosol concen t r a t ion  a t  a i r  intake 

ports.  The l a r g e s t  concent ra t ion  va lue  should be chosen, but both 

values a r e  included i n  t h e  t a b l e  t o  provide an i n d i c a t i o n  of the  

importance of cons ider ing  plume behavior under varying conditions.  

4.6 High Speed Releases:  Exhaust P o r t  EX 

Measurements of a r c h i t e c t u r a l  parameters were taken from drawings 

SK-P-21, -27, and -28. Aerosol r e l e a s e s  a t  high speed a r e  assumed t o  be 

descr ibed  by t h e  methodology presented  i n  Chapters 2 and 3 f o r  

ho r i zon ta l  re leases .  Exhaust p o r t  E4 i s  expected t o  emit a e r o s o l s  i n  a 

ho r i zon ta l  d i r ec t ion .  I f  these ae roso l s  a r e  emi t ted  i n  t h e  d i r e c t i o n  

toward t h e  wind i s  blowing, t h e r e  should be no impact on an i s o l a t e d  

power pak. The inf luence  of adjacent bu i ld ings  i s  not considered here. 

A worst case s i t u a t i o n  would occur i f  these a e r o s o l s  a r e  emi t ted  i n  t h e  
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d i r e c t i o n  f r o a  which t h e  wind i s  blawing. 

low i n  t h i s  case, the  plume would be expected t o  be blown away rand 

l o f t e d  whereas i f  the wind speed were somewhat h igher  the plume would be 

expected t o  be blown back toward t h e  building. poss ib ly  even impinging 

on the  bu i ld ing  surface. 

I f  t he  wind speed were q u i t e  

I n  order t o  quan t i fy  t h e  plume behavior under varying wind speeds 

and aerosol  m i s s i o n  parameters. Eqs. 16-26 from Chapter 3 t h a t  p r e d i c t  

where t h e  plnme i n t e r s e c t s  t h e  v e r t i c a l  plane of the  bu i ld ing  w a l l  from 

which it i s  emi t t ed  were coded and implemented a s  program ZIG.FOB. A 
l i s t i n g  of t h i s  program is included a s  Appendix I). 

Results from execut ion of program ZIG.FOR i n d i c s t e  t h a t  the aerosol 

plume from emission poin t  E4 would be bent back and i t s  c e n t e r l i n e  would 

impinge on the  s ide of the  bu i ld ing  f o r  wind v e l o c i t i e s  4 ,  6. 8, 

d s .  For a wind v e l o c i t y  of 2 ds, t h e  cen te r  l i n e  of the plume 
miss t h e  bu i ld ing  edge. 

Resul t s  of the  aerosol concent ra t ion  c a l c u l a t i o n s  f o r  emiss 

point E4 a r e  included i n  Table  2. Resul t s  f o r  wind speeds of 4 ,  

and 10 m / s  a r e  ca l cu la t ed  a s  f o r  slow speed bu i ld ing  sur face  re1 

and 10 
woul d 

on 

6, 8s 

:ase s, 

with the  emission p o s i t i o n  determined from t h e  output of program 

ZIG.POR, and using program M . F 4  ( s e e  Appendix A), with a source 

s t r e n g t h  of 97 kg/s.  

Jbsults for wind speeds of 2 m/s a r e  ca l cu la t ed  using t h e  

methodology descr ibed  i n  Chapter 2. The c a l c d a t i o n s  were done using 

program INlSP2.F4, which is  included i n  Appendix E. Sinao the 

c e n t e r l i n e  of t h e  r e tu rn ing  plume misses  t h e  bu i ld ing  surface,  aerosol  

concent ra t ions  a t  a i r  intake p o r t s  a r e  computed by sepa ra t e ly  

consider ing t h e  e f f e c t s  of t h e  d ispersed  plume encountering two of the  

bu i ld ing  edges, a s  was done f o r  emission p o i n t s  E2 and E3. There a r e  

t h e r e f o r e  two concent ra t ion  va lues  presented  f o r  a wind speed of 2 d s .  

and t h e  higher  value should be conserva t ive ly  chosen. 

It i s  apparent  from Table 2 t h a t  modi f ica t ions  t o  minimize t h e  

impact of ae roso l s  emi t ted  from poin t  E4 would be des i rab le .  These 

modi f ica t ions  might include inc reas ing  t h e  exhaust v e l o c i t y  by using 

exhaust fans,  d i r e c t i n g  t h e  emi t ted  a e r o s o l s  v e r t i c a l l y  using a 

d e f l e c t o r ,  l oca t ing  t h e  exhaust p o r t  on t h e  roof r a t h e r  than t h e  wal l ,  

or  providing a l t e r n a t e  exhaust ports on o the r  w a l l s  t o  in su re  t h a t  the  

a e r o s o l s  would not be emi t ted  d i r e c t l y  upwind. 





5 .  SENSITIVITY OF RI%SULTS "0 VARIATIONS IN MODEL INPUT 

Predicted aerosol concentrations at air intake ports vary according 

to simple formulae for slow releases. Aerosol concentrations may be 

predicted using Eqs. 1 and 2, as implemented in program NAl.F4 given in 
Appendix A. The sensitivity of results presented in Section 4.3 to 
source strength is a direct relationship, while the concentration varies 
inversely as wind speed, and as the square of the distance from the 

release point to the intake port. 

For high speed releases, for which the aerosols are emitted a s  a 

plume that is projected from the building surface a s  a function of its 

initial momentum and of its density, several additional variables are 

involved. Examination of the variation of predicted aerosol 
concentration with changes in meteorological and architectural 

parameters is of value in exposing the robustness of results and in 
suggesting how these results may scale where other conditions are found. 
Of course, more quantitative results may be found for any specific 
situation simply by applying the methodology, so long as the assumptions 

made in formulating the methodology are valid, and the caveats 

associated with the methodology are considered. 
The effects of wind speed on aerosol concentrations at intake ports 

I2 and I2 are summarized in Table 2. Results presented here were 

calculated using a nominal port diameter of 3.72 m. Since port 
diameter, or stack diameter, may be in most cases chosen by the facility 
designer, we have explored the effect of exhaust port diameter on 
aerosol concentrations. Table 3 presents the predicted sodium aerosol 

concentrations at intake ports I1 and I2 resulting from high-speed 
emissions from points El, E2, and E3 for an exhaust port diameter of 
1.86 m. Increasing the exhaust port diameter to 2.34 m yields the 
results presented in Table 4. These results may be compared to those 

presented in Table 2, for which the exhaust port diameter was a (larger) 

nominal value of 3.72m. Table 5 presents the results of an analogous 
set of calculations, for which the exhaust port diameter was assumed 

still larger, having a diameter of 5 .58  m. 
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3 Table 3. Sodium aerosol  concen t r a t ions  (kg/m 
f o r  high speed r e l e a s e s .  

(Exhaust Po r t  diameter = 1.86 m.) 

Plume Wind Speed ( m / s )  
Exhaust Po r t  Input  Por t  Dynamicsa 2 4 6 8 10 

E l  I1 

E2 

E3 

I2 

I1 

I2 

I1 

I 2  

A 
B 
C 
A 
B 
C 
D 
E 
D 
E 
D 
E 
D 
E 

.7 9E+O 1 

.003+00 

.773-20 . l lE+O 1 

.16E-3 5 

.20E-03 

.4 6E-13 

.94E-3 8 

.12E-2 5 

.27E-30 

.19E-07 . 0 OE+O 0 

.29B-25 

.O OE+O 0 

.4OE+O1 

.00E+00 

.5 6 E+O 0 
,3 9E-2 0 

. 1 1E-15 . 1 OE-03 

.3 OE-04 

.6 3E-10 

.26E-O9 

.4 6 E-06 

.84E-02 

.5 8E-19 

.6 6E-0 8 

.OOE+OO 

.32E-01 

.OOE+OO 

.26E-20 

.4 9E-11 

.6 713-04 

.61E-19 

.21E-O2 

.6 8E-05 

.853-06 . 1 9E-0 2 

.96E-01 

.22E-O6 

.20E-04 

.17E+OO 

.33E-04 

.OOE+OO 

.19E-20 

.3 9E-0 1 

.56E-O9 

.5 OE-0 4 

.40E-ll  

.llE-O 1 

.34E-O3 

.20E-04 
.17E-O1 
.21E+OO 
.6 8E-03 
.3 8E-03 

aNOTES : 

A. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  downward by r a i n  
d e f l e c t i o n  cap on s tack .  Stack he ight  r e c a l c u l a t e d  and s e t  equal  
t o  29.2-3DW/U meters.  

B. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  upward by r a i n  
d e f l e c t i o n  cap on s tack .  Stack he ight  r eca l cu la t ed  and s e t  equal 
t o  29.2 + 3DW/U meters.  

C. Aerosol plume i s  assumed emi t ted  h o r i z o n t a l l y  from stack.  S t ack  
he ight  s e t  equal  t o  29.2 meters.  

D. Aerosol plume i s  assumed t o  i n t e r s e c t  the  downwind roof edge t h a t  
i s  c l o s e s t  t o  the  aerosol  emission poin t .  

E. Aerosol plume i s  assumed t o  i n t e r s e c t  the downwind roof edge t h a t  
i s  beyond t h a t  edge c l o s e s t  t o  the  aerosol  emission poin t .  

.12E-O6 

,15E-20 
.12E-01 
.64E-O 8 
.4 OE-0 4 
.15E-07 
.23 E-0 1 
.19E-0 2 
.10E-03 
.3 3E-0 1 
.3 OE+OO . 1 1E-0 1 
.16E-O2 

.OOE+OO 
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Table 4.  Sodium aerosol  concent ra t ions  (kg/m3) 
f o r  high speed r e l e a s e s .  

(Exhaust Po r t  diameter = 2.34 m . )  

P1 ume Wind Speed ( m / s )  
Exhaust Po r t  Input  Por t  Dynamics' 2 4 6 8 10 

E l  

E l  

E2 

E3 

I1 

I 2  

I1 

I 2  

I1 

I 2  

A 
B 
C 
A 
B 
C 
D 
E 
D 
E 
D 
E 
D 
E 

.7 9E+O 1 

.77E-20 . 1 lE+O 1 . OOE+OO 

.20E-03 

.15E-19 . OOE+OO . 1 8E-3 7 

.74E-12 

.26E-3 8 

.OOE+OO 

, 0 OE+O 0 

.OOE+OO 

. OOE+OO 

.4OE+O1 

.OOE+OO 

.3 9E-2 0 

.43E-20 

.10E-03 

.37E-O6 

.22E-15 

.83E-13 

.16E-10 
,523-03 
.7 OE-3 4 
.17E-ll 

.5 6E+00 

.OOE+OO 

.13E+O1 

.OOE+OO 

.33E+OO 

.26E-20 

.23E-13 

.67E-04 

.16E-04 

.22E-O3 

.2 5E-07 

.14E-07 

.3 9E-04 

.2 5E-0 1 

.4 8E-12 

.3 6E-0 6 

.70E-02 

.19E-2 0 

.lOE+OO 

.14E-10 

.50E-04 

.5 OE-04 

.25E-02 

.15E-04 

.15E-05 

.2 8E-02 

.94E-0 1 

.16E-O5 

.3 3 E-04 

.OOE+OO 
.31E-O4 

.15E-20 

.3 2E-0 1 

.41E-09 

.40E-04 

.40E-04 

.82E-02 

.2 5E-0 2 

.15E-04 

.13E-01 

.4 8E-03 

.29E-O3 

.OOE+OO 

.17E+OO 

~ ~ ~ ~ ~ 

aNOTES : 

A. Aerosol plume is assumed d i r e c t e d  v e r t i c a l l y  downward by r a i n  
d e f l e c t i o n  cap on s tack .  S t ack  he ight  r eca l cu la t ed  and s e t  equal 
t o  29.2-3DW/U meters.  

B. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  upward by r a i n  
d e f l e c t i o n  cap on stack.  S tack  he igh t  r eca l cu la t ed  and s e t  equal 
t o  29.2 + 3DW/U meters.  

C. Aerosol plume i s  assumed emi t ted  h o r i z o n t a l l y  from stack.  Stack 
he ight  s e t  equal  t o  29.2 meters.  

D. Aerosol plume i s  assumed t o  i n t e r s e c t  the  downwind roof edge t h a t  
i s  c l o s e s t  t o  t he  aerosol  emission point .  

E. Aerosol plame is assumed t o  i n t e r s e c t  t he  downwind roof edge t h a t  
is beyond t h a t  edge c l o s e s t  t o  the  ae roso l  emission poin t .  
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3 Table 5 .  Sodium aerosol  concen t r a t ions  (kg/m 1 f o r  
high speed r e l e a s e s .  

(Exhaust Po r t  diameter = 5.58 m.) 

Plume a Wind Speed ( m / s )  
Exhaust Po r t  Input  P o r t  Dynamics 2 4 6 8 10 

E2 

E3 

~~~ ~~ 

E l  I1 A .79E+01 .40E+01 .26E+01 .20E+01 

C .77E-20 .39E-20 .26E-20 .19E-20 
I 2  A . l lE+Ol .56E+OO .37E+OO .28E+OO 

B .OOE+OO .OOE+OO .53E-36 .50E-04 
C .20E-03 .10E-03 .67E-04 .50E-04 

E .OOE+OO .48E-27 .15E-13 .16E-08 
I 2  D .OOE+OO .OOE+OO .31E-3 8 ,60E-22 

E .00E+00 .OOE+OO .41E-26 .69E-17 
I1 D .OOE+OO .OOE+OO .90E-31 .36E-15 

E .OOE+OO .42E-17 .62E-08 .12E-04 

E .OOE+OO .OOE+OO .96E-26 .89E-16 

B .OOE+OO .OOE+OO .OOE+OO .OOE+OO 

I1 D .OOE+OO .OOE+OO .OOE+OO .OOE+OO 

I 2  D .OOE+OO .OOE+OO .00E+00 .OOE+OO 

'NOTeS : 

A. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  downward by r a i n  
d e f l e c t i o n  cap on s tack .  S tack  he ight  r e c a l c u l a t e d  and s e t  equal 
t o  29.2-3DW/U meters.  

B. Aerosol plume i s  assumed d i r e c t e d  v e r t i c a l l y  upward by r a i n  
d e f l e c t i o n  cap on s tack .  S tack  he ight  r eca l cu la t ed  and s e t  equal  
t o  29.2 + 3DW/U meters.  

C. Aerosol plume i s  assumed emi t ted  h o r i z o n t a l l y  from stack.  S tack  
he ight  s e t  equal t o  29.2 meters.  

D. Aerosol plume i s  assumed t o  i n t e r s e c t  t he  downwind roof edge t h a t  
i s  c l o s e s t  t o  the  ae roso l  emission poin t .  

E. Aerosol plume is assumed t o  i n t e r s e c t  the  downwind roof edge t h a t  
is beyond t h a t  edge c l o s e s t  t o  the  aerosol  emission po in t .  

.16E+01 

.OOE+OO 

.15E-20 

.40E-04 

.40E-04 

.OOE+OO 

.4 2E-0 6 

.19E-14 

.23E-12 

.86E-10 

.41E-03 

.1 SE-3 0 

.5 OE-11 

.22E+OO 
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Examination of the  r e s u l t s  presented i n  Tables  2 ,  3, 4 ,  and 5 aga in  

shows the complex dependence on wind speed demonstrated i n  Chapter 4 .  

Higher wind speeds r e s u l t s  i n  g r e a t e r  d i spe r s ion  of the aerosol  plume. 

This  d i spe r s ion  i s  r e f l e c t e d  i n  lower aerosol  concent ra t ions  wi th in  the  

plume ( thus  tending t o  cause lower aerosol  concent ra t ions  a t  a i r  in take  

p o r t s )  but  the  plume d i spe r s ion  causes  the plume t o  spread and impinge 

on bu i ld ing  edges t h a t  it might have otherwise missed ( thus  tending  t o  

increase aerosol  concent ra t ions  a t  a i r  intake p o r t s ) .  Except f o r  plumes 

emit ted v e r t i c a l l y  downward, increas ing  p o r t  diameter while  maintaining 

plume composition and exhaust v e l o c i t y  r e s u l t s  i n  g r e a t e r  l o f t i n g  of the  

plume, which l eads  t o  lower aerosol  concent ra t ions  a t  a i r  intake p o r t s .  

The func t iona l  form of t h i s  dependence i s  complex. The v a r i a t i o n  of 

exhaust v e l o c i t y  with changes in  p o r t  diameter was not ava i l ab le  t o  us; 

t he re fo re ,  no at tempt  was made t o  cons ider  the combined e f f e c t s  of 

changes of exhaust v e l o c i t y  and p o r t  diameter.  

S e n s i t i v i t y  of computed ae roso l  concent ra t ions  t o  v a r i a t i o n s  i n  the  

design of the  r a i n  cap on the  s t a c k  designated emission po in t  E4 has 

been d iscussed  i n  Sec t ion  4.4.  Considerat ion of d i f f e r e n t  r a i n  cap 

designs has been included i n  genera t ion  of the r e s u l t s  presented i n  

Tables  3, 4 ,  and 5 ,  and these Tables  support  the conclusion t h a t  the  

r a i n  cap des igns  t h a t  d i r e c t  the  plume v e r t i c a l l y  downward, should be 

avoided i n  preference  t o  designs t h a t  d i r e c t  the  emi t ted  plume e i t h e r  

v e r t i c a l l y  upward, o r  h o r i z o n t a l l y ,  

Suggestions have been made in Sect ion  4.6 f o r  modi f ica t ions  t h a t  

might be made a s  t o  the design and/or  l o c a t i o n  of emission poin t  E4. To 

r e i t e r a t e ,  des ign  changes might include increas ing  the  exhaust v e l o c i t y  

by using exhaust fans ,  d i r e c t i n g  t h e  emit ted ae roso l s  v e r t i c a l l y  using a 

d e f l e c t o r ,  l o c a t i n g  the  exhaust por t  on the  roof r a t h e r  than the wa l l ,  

or providing a l t e r n a t e  exhaust p o r t s  on o the r  wa l l s  t o  insure t h a t  the 

ae roso l s  would not be emit ted d i r e c t l y  upwind. 

In order  t o  examine the e f f e c t  of changing the  por t  s i ze  of 

emission poin t  E4, a s e r i e s  of runs of program ZIG.FOB, included i n  

Appendix D, were made. These r e s u l t s  a re  summarized i n  Table 6 ,  which 

shows the e f f e c t  of wind speed and of p o r t  diameter on the  v e r t i c a l  

d i s t ance  between the  e l e v a t i o n  of r e l ease  of a ho r i zon ta l  aerosol  plume 

d i r e c t e d  upwind, and the  e l e v a t i o n  of the  c e n t e r l i n e  of the r e t u r n  plume 
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Table 6 .  Vertical  distance between emission height of a horizontal aerosol 
plame directed upwind, and the e levat ion of the center l ine  of the return 

plame t o  the ver t i ca l  plume d irec t ly  above the emission point .  

Windspeed D = . 9 8  D = 1.95 D = 2 . 9 3  

2 

4 

6 

8 

10 

.96E+01 

.29E+01 

.14E+O 1 

.80E+00 

.51E+OO 

.24E+O2 

.7 2E+O 1 

.35E+01 

.20E+01 

.13E+01 

.41E+02 

.12E+02 

.59E+O1 

.34E+O1 

.21E+01 
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t o  t he  v e r t i c a l  plume d i r e c t l y  above t h e  emission point .  Examination of 

t he  r e s u l t s  shown i n  Table 6 shows t h a t  l a r g e r  port diameters  and 

smal le r  wind v e l o c i t i e s  r e s u l t s  i n  increased  plume a1 t i t u d e  a t  t he  

r e t u r n  point  of the  plume. As explained above f o r  o ther  emission 

po in t s ,  the  e f f e c t s  of p o r t  diameter on exhaust v e l o c i t y  were not 

incorpora ted  i n  these  ca l cu la t ions .  





6. UNCERTAINTIES FUNDAMENTAL TO THE METHODOLOGY 

The only way t o  determine the accuracy of any model i s  t o  compare 

p r e d i c t i o n s  made by t h a t  model wi th  measurements made i n  the f i e l d  under 

condi t ions  i d e a t i c a l  t o  those assumed by the  model. None of the  models 

used i n  t h i s  methodology have r epor t ed ly  been f i e l d  v a l i d a t e d  i n  t h i s  

manner. Furthermore, the  SAFR s i t e  w i l l  l i k e l y  be so complex t h a t  no 

gener ic  f i e l d  v a l i d a t i o n  w i l l  be ab le  t o  insure adequate v a l i d a t i o n  of 

any methodology used. 

In the  absence of f i e l d  v a l i d a t i o n ,  wind tunnel  s t u d i e s  can be 

performed t o  t e s t  p r e d i c t i v e  methodologies. For example, a s ca l e  model 

SAFR s i t e  could be cons t ruc ted  and t e s t e d  i n  an appropr ia te  wind tunnel  

f a c i l i t y .  However, the  ex t r apo la t ion  of wind tunnel  r e s u l t s  t o  the r e a l  

world i s  not always r e a d i l y  accepted, and f i e l d  v a l i d a t i o n  s t u d i e s  would 

l i k e l y  be needed t o  f i rmly  e s t a b l i s h  the p r e d i c t i v e  accuracy of any 

methodology used. 

6.1 Building-Wake E f f e c t s  

The bas i c  bu i ld ing  wake e f f e c t  model used i n  t h i s  r epor t ,  Eqn. 1, 

is  based on a number of wind tunnel  s t u d i e s  f o r  bu i ld ings  of simple,  

block design. Roof, s i d e ,  and r e a r  r ecep to r s  f o r  roof vent  r e l e a s e s  

were considered i n  de r iv ing  the  empir ica l  d i l u t i o n  cons tan t  D. Wilson 

and B r i t t e r  (1982) summarize the  measurements used i n  der iv ing  the  va lue  

of D = 9 used i n  t h i s  r epor t .  Th i s  va lue  was chosen by Wilson and 

B r i t t e r  so t h a t  a l l  measured concent ra t ions  would be equal t o  o r  l e s s  

than  the p red ic t ed  concent ra t ion .  I n  some indiv idua l  cases ,  a measured 

a i r  concent ra t ion  one order  o r  magnitude or  more lower than the va lue  

p red ic t ed  based on Eqn. 1 was found. 

emphasize t h a t  they a r e  a t tempting t o  p r e d i c t  maximum a i r  

concent ra t ions .  In the  absence of f i e l d  t e s t i n g ,  however, it i s  

impossible t o  exac t ly  determine how these wind tunnel  r e s u l t s  c o r r e l a t e  

wi th  r e a l  condi t ions .  

Wilson and B r i t t e r  (1982) 
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6.2 Plume Rise Effects 

Ramsdell (1983) also does not present any fi Id testing results for 
his Split-H plume rise consideration methodology. Briggs (1984) 
presents limited results from field validation studies which indicate 

that it is possible to predict plume rise within a factor of 2 or 
better. However, the results of only a very few studies were cited, and 

it does not appear that any of the cited studies considered site 

conditions as complex as those considered in this report. Overall, it 

appears that the basic conservatism of the overall methodology used in 

this report was not compromised by the plume rise considerations. 



7.  DISCUSSION AND BECOWENDATIONS 

The methodology and analyses described in this report might be 

extended in several ways. First, other wind speeds might be considered. 

Investigation should be made of the effects on the aerosol concentration 

at air intake ports of choosing other emission points and other emission 
vent diameters. As an indication of the value of such a calculation, 
one might consider restricting the emission vent diameter to achieve a 

higher exit velocity and greater plume rise. This 
requires knowledge of the effects of changing port 

exhaust velocity and composition. 

It might be useful to consider the effects of 
particle growth and agglomeration (Miller, Fields, 

While it is unlikely that predicted concentrations 

consideration 
diameter on aerosol 

sodium aerosol 

and Wiseman, 1982).  

would be greatly 
changed by considering the production of larger particles with greater 
fall velocities, any conclusions drawn about the expected intake port 
concentrations for low wind speeds would be much more defensible. 

Low wind-speed conditions (calms) are inadequately treated in 

present methodologies, including that developed in this report. We have 
pointed out this fact to Rockwell International staff, and have 

discussed the considerable uncertainty in model predictions that is 

generated by omitting from consideration wind speeds below 2 m / s .  

We have proposed to construct a methodology that is capable of 

treating aerosol transport under low wind-speed conditions. This 
methodology might be applied to simulate aerosol conditions from release 
and receptor ports and for the low and high intensity fire conditions 
considered in this report. It should allow development of the time- 
dependent shape and concentration of an aerosol cloud under low rind- 
speed conditions. 

suggests that a superimposed puff model should yield acceptable results. 

A particle-in-cell model would also work, but the model complexity and 

expense would be considerably greater. 

Our current thinking about the appropriate approach 

Suggestions have been made in Section 4.6 and in Chapter 5 for 

modifications that might be made as to the design and/or location of 
emission point E4. Design changes might include increasing the exhaust 
velocity by using exhaust fans, directing the emitted aerosols 
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v e r t i c a l l y  using a d e f l e c t o r ,  l o c a t i n g  the  exhaust p o r t  on the  roof 

r a t h e r  than the wa l l ,  or providing a l t e r n a t e  exhaust p o r t s  on o t h e r  

wa l l s  t o  insure t h a t  the ae roso l s  would not  be bmitted d i r e c t l y  upwind. 

Changes t h a t  might be considered i n  the design of the r a i n  cap on 

the s t a c k  des igna ted  emission po in t  El a r e  d iscussed  i n  d e t a i l  i n  

Sec t ion  4.4. It i s  apparent  from t h i s  d i scuss ion  t h a t  i nco rpora t ion  of 

a r a i n  cap t h a t  would d i r e c t  the exhaust plume e i t h e r  v e r t i c a l l y  upward 

or h o r i z o n t a l l y  would r e s u l t  i n  s i g n i f i c a n t l y  lower aerosol  

concen t r a t ions  a t  a i r  intake p o r t s  I1 and I2 than  s e l e c t i o n  of a des ign  

t h a t  would d i r e c t  the aerosol  plume v e r t i c a l l y  downward. 
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APPENDIX A: O D E  NAl  .F4 

Application of t h i s  program i s  described i n  Section 4 . 3 .  
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T H I S  PROGRAM IS USED TO DETERMINE AERSOL CONCENTRATIONS AT 

EXHAUST PORTS 1 -4  WITH A WIND SPEED ( U )  VARYING FROM 2 M I S  
INPUT PORTS 1-2, THE SLOW SPEED RELEASES ARE EMITTED FROM 

TO 10 M / S +  THE SOURCE STRENGTH (QE) I S  1 + 9  KG/S+ 

DIMENSION R ( 4 ~ 2 ) r U ( S ) r C ( 5 )  
C 

DATA R /  3 6 + 6 ~ 4 1 * 0 3 r 4 8 + 9 3 ~ 5 2 + 0 ~  
8 5 3 t 9 ~ 4 5 + 5 1 ~ 3 8 * 7 1 ~ 4 1 + 3 4 /  

C 

C 

C 
C 
3000 

C 
C 

c 
C 

C 
C 

C 

300 

3100 
4 0 0  
5 0 0  

DATA E ( / 9 + 0 / ~  l ? E / 1 + 9 /  

FORMAT(’1NPUT PORTEXHAUST PORTAEROSOL CONCENTRAIONS’) 
W R I T E ( 6 r 3 0 0 0 )  

J--- LOOP THROUGH INPUT PORTS 
110 500 J-112 

I - - -  LOOP THROUGH EXHAUST PORTS 
DO 400 1 - 1 1 4  

L--- LOOP THROUGH WIND SPEEDS 
DO 300 L = l r 5  



APFHNDIX B: CODE INlFS.P4 

Application of t h i s  program i s  described i n  Sect ion 4.4.  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

T H I S  PROGRAM I S  USED TO DETERMINE AEROSOL CONCENTRAIONS AT 

FROM EXHAUST PORT C l  WITH A WIND SPEED ( U )  VARYING FROM 
INPUT PORTS 1-2, THE RELEASES? FAST SPEED? ARE EMITTED 

2 M/S TO 10 M / S +  THE PARAMETERS USED I N  THE FOLLOWING 
EQUATIONS 

E -  
u -  
a -  
x -  
11 - 
w -  

D I MENS1 ON 

ARE DEFINED AS FOLLOWS: 

EMPIRICAL CONSTANT OF MAGNITUDE 
W I N DS P EE D 
SOURCE I N T E N S I T Y  (KG/S)  
SOURCE EMISSION POINT TO ROOF EDGE DISTANCE ( M I  
EXHAUST PORT E X I T  DIAMETER 
EXHAUST VELOCITY 

C 
C 

D A T A  B / 9 r O / ?  Q / 9 7 r / ~  D / 3 r 7 2 / ~  W/21*9/ 
DATA RROOF/ 6 r 8 ~  1 8 + 1 /  
D A T A  X / 6 + 0 ~  20r7 /  
I I A T A  DS/38r2~ 2 9 + 1 /  
DATA D L / 6 8  + 0 5 2 ,  5 /  

C 

C 
C 
c 

3000 
C 
C 

C 
C 

C 

C 
C 

r. 

W R I T E ( 6 ? 3 0 0 0 )  
FORMAT('INPUTP0RT DELH AEROSOL CONCENTRATIONS') 

J--LOOP THROUGH INPUT PORTS 
Is0 500 J=112 

I - -LOOF '  THROUGH VARIATIONS I N  DELH 
ICIO 400 1 - l r 3  

L--LOOP THROUGH WINDSPEEDS 
DO 300 L= l l r5  
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C 
100 

300 

3 4 0 0  

3100 
400 
500 

EXHAUST PORT C 1  IS A TALL STACti WITH A VERTICAL HEIGHT OF 
2 9 + 2  M I  THE PRESENTS OF A STACK CAP COULD INFLUENCE THE 

INTO ACCOUNT: 
PLUME R I S E +  THEREFORE THREE DIFFERENT CASES WERE TAKEN 

1)  STACK HEIGHT MINUS MOMENTUM DRIVEN PLUME R I S E  VALUE 
2) STACK HEIGHT PLUS MOMEUTUM DRIVEN PLUME R I S E  VALUE 
3) STACK HEIGHT 





J 

APPENDIX C: CODE BEACH.F4 

Application of this program is described in  Section 4 . 5 .  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 

C 
C 
C 

3000 
C 
C 

C 
C 

C 
C 

c 

C 
C 

C 

THIS PROGRAM IS USED TO DETERMINE AEROSOL CONCENTRATIONS AT 

EXHAUST PORTS # 2  AND #3 WITH A WINfiSPEEn (U) VARYING FROM 
INPUT PORTS 1-2, THE FAST SPEED RELEASES ARE EMITTED FROM 

2 M/S TO 10 M/SI TWO SETS OF VALUES WERE CALCULATED FOR 
EACH EXHAUST. IN THE FIRST CALCULATION ‘X’ (SOURCE EMISSION 
POINT TO ROOF EDGE DISTANCE) IS TAKEN FROM THE HOOF EDGE 
CLOSEST TO THE EMISSION POINTI THE SECOND CALCULATION OF ‘X’ 

PARAMETERS USED IN THE FOLLOWING EQUATIONS ARE IiEFINED AS 
FOLLOWS: 

IS TAKEN FROM THE FURTHEST ROOF €DOE DISTANCE, THE 

B - EMPIRICAL CONSTANT OF MAGNITUDE 
U - WINDSPEED 
0 - SOURCE INVENSITY (KG/S) 
X - SOURCE EMISSION POINT TO ROOF EDGE DISTANCE ( M )  
D - EXHAUST PORT EXIT DIAMETER 
W - EXHAUST VELOCITY 

DIMENSION R R O O F ( ~ , ~ , ~ ) , U ( S ) ~ C ( S ) , R F ( ~ ~ ~ ? ~ ) ~ X ( ~ ~ ~ ~ ~ ) , I I S ( ~ , ~ ) ,  
8 D1(2~2),HGT(2?2~2) 

, 

WRITE(6,3000) 
FORMAT(’EXHAUSTP0RT INPUTPORT EDGE AEROSOL CONCENTRATIONS’) 

J--LOOP THROUGH 
DO 500 J=lr2 

I--LOOF‘ THROUGH 
DO 400 I=lr2 

K--LOOP THROUGH 
DO 200 K = l ~ 2  

EXHAUST PORTS 

INPUT PORTS 

VARIATIONS ON ’ X ’  

L--LOOP THROUGH WINDSPEEDS 
DO 300 L=l,5 
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APPENDIX D : PROGRAM Z IG. FOR 

Application of t h i s  program i s  described i n  Section 4 . 6 .  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 

C 
C 

C 

8 

50 

TY ZIGrFOR 
THIS  PROGAH CALCULATES THE DYNAHICS FOR HORIZONTIALLY EHITTED 
PLUHES~ THE PARAHETERS THAT ARE USED IN THE FOLLOWING 
EQUATIONS ARE DEFINED AS FOLLOW: 

FH f 
F =  
FC = 

BJ = 
TA = 
TS = 

us = 

D =  
G =  
u =  
E =  

T =  

x =  
s =  
EA = 

HOHENTUH FLUX TERH 
BUOYANCY FLUX TERH 
BUOYANCY FLUX BELOW WHICH PLUHE RISE I S  DUE TO 
HOHENTUH ONLY 
JET ENTRAINHENT COEFFICIENT 
AHBIENT A I R  TEHPERATURE 
STACK E X I T  TEt4PERATUREr INPUT AS ZERO FOR A 
HOHENTUN SOURCE 
STACK E X I T  VELOCITY9 INPUT AS ZERO I F  NO PLUME 
RISE I S  TO BE CALULATED 
STACK INNER DIAHETER 
ACCELERATION DUE TO GRAVITY 
HEAN UIND SPEED AT EHISSION AT HEIGHT H 
ENTRAINHENT COEFFICIENT COEFFICIENT FOR HIGH-SPEED 
LONGITUDINALEHISSIONS 
T IHE OF RETURN OF PLUHE TO VERTICAL PLANE OF 
EHISSIONS 
DOWNWARD DISTANCE 
STABILITY PARAHETER 
ENTRAINHENT COEFFICIENT 

THE CALCULATIONS FROH THIS  PROGRAH WERE USED TO DETERHINE THE 
PLUHE RISE FROH THE HORIZONTAL EHISSIONS FROH EXHAUST PORT # 4 *  

DIHENSION D E L H ( ~ ) P U ( ~ ) P D ( ~ )  
DATA U/ 2rr 4rr 6rr 8r9  l o r /  
DATA TA/288+/9 T S / 8 1 0 r / ?  VS/21r9/ ,  

BA/Or6/, G/9+8/ 
DATA D / r 9 8 ~  1 . 9 5 ~  2,93/ 

CALCULATE A DELTA H (‘DELH’ - PLUHE RISE)  FOR EACH 
WINDSPEED ( ‘U’  - 2, 49 6r 8, 10) 

DO 1 3 0 0  1 ~ 1 ~ 3  
DO 100 J= l r5  

B J = ( 1 / 3 ) t ( U ( J ) / U S )  

B=SQRT((BJ$S2)t(BAS$2)) 



5 1  

C 

C 
C 

C 
C 

200 
C 
C 

C 
C 

300 
C 
C 
C 
C 
400 

600 

C 
C 
500 
C 
C 

900 
700 
800 
c 
C 

C 
C 

1000 
C 
C 
1100 
1200 
100 
1300 

. 

WRITE(61200)T 
FORHAT (1H t/'T = ' tE8a2)  

HIGH-DENSITY PLUHE RISES ARE NOT CONSIDERED 

IF (FP *GT* FC) GOTO 500 

FORHAT ('ERROR----- FP +LE* FC' )  
URITE(69600) 

STOP 

F=FP 

IF (F *LE* 55) GOTO 900 
XS=34X(FtS+4) 
GOTO 700 

WRITE(bt800) XS 
XS=14t(FSX*625) 

FORHAT (1H ? / '  XS = 'tE842) 

URITE(6r1200) I?JrDELH(J) 

CONTINUE 
CONT XNUE 
STOP 
END 

FORHAT(1H t/12t ' DELH('rI2t') = '~E8*2) 





APPENDIX E: PFtOGRAM INlSP2 .F4 

Application of t h i s  program is described i n  Sect ion 4 . 6 .  
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TY I N l S P 2 + F 4  * 
’C PREUIOUS CALCULATIONS DETERMINED THAT THE SOURCE POINT FROM 
C THE HORIZONTAL FAST SPEED EMISSIONS FROM EXHAUST PORT # 4  FOR 
C WINDSPEEDS 49 6 9  8, AND 10 M I S  H I T  A HLDGI WINDSPEED 
C 2 M/S D I D  NOT9 SO I T  WAS CONSIDERED SEPERATELY, T H I S  
C PROGRAM MEASURED T H I S  SPECIAL CASE+ 
C 
C 

DIMENSION R R O O F ( 2 r 2 ) 1 U ( l ) l R F ( 2 1 2 ) r X ( 2 9 2 ) 9 D S ( 2 9 2 ) 9  
8 L l L ( 2 r 2 ) v D E L H ( 2 ~ 2 )  

C 
C 

DATA H/9+0/~ Q/97+/1 D / 3 + 7 2 / ,  W/21+9/ 
DATA RROOF/37+2? be89 3 7 t 6 1  18+1 /  
DATA X / l b + & t  4 2 r 7 ~  8 t 8 ~  2 1 + S /  
DATA D S / 2 7 + 4 ~  2 7 r 4 r  36r39 3 6 + 3 /  
DATA DL/52+59 52.59 52rS9 !52+!5/ 
DATA D E L H / l O t 7 9  2 5 + ? 9  10179 2 5 + 9 /  

C 
DATA U/ 2+/ 

C 
C 
C 

3000 
C 
C 

C 
C 

C 

C 
C 3 4 0 0  

3100 
400 
500 

W R I T E ( 6 9 3 0 0 0 )  
FORMAT(‘EXHAUSTF0RT INPUTPORT EDGE AEROSOL CONCENTRATIONS’) 

J--LOOP THROUGH INPUT PORTS 
DO 500 J ~ l r 2  

I--LOOP THROUGH VARIATIONS ON ‘ X ‘  
DO 400 1 ~ 1 9 2  
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