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APPENDIX D 
D l .  0 INTRODUCTION 

D l .  :. SCOPE OF STUDY 

Environmental  Research E Techncllogy, Inc. (ERT) has completed  an  analysis 
of  the  potential   atmospheric  effects  of  emissions from the  operat ion of 
foul*  alternate  closed-cycle  cocling  tower  systems  at  the  proposed 2,000 Mw 
Hat Creek  Thermal Generating  Station. This repor t  documents work parformed 
in   f 'u l f i l lment   of   requirements   specif ied i n  Appendix D2 of the  Term$, of , 

Refc:rence for   Detai led Environmental S tud ie s   fo r   t he  Hat Creek Project.  

The following  cooling  tower  designs were considered: 

a l i n e  of  four  rectangular  mechanical  draft  cooling  towers  (a 
t o t a l   o f  36 fans) ;  

four  round  mechanical draf t   cool ing  towers  (a to t a l   o f  36 fans)  
i n  a box configuration; 

two natural   draft   cooling  towers;  and 

fou r .na tu ra l   d ra f t   coo l ing   t owers   i n  a box configuration. 

Figures Dl-1 through Dl-5 ind ica te   the   re la t ive   loca t ions   o f   the   var ious  
cooling  tower  systems assumed in the  present   analysis .  The deployments 
and 'mientat ions  of   the   towers   depicted in t hese   f i gu res   r e f l ec t  an .effor t  
t o  minimize potent ia l ly   adverse  effects   associated  with  each  design.  A 

major  concern i n  t h i s  regard is avoidance o f  undesirable plume i n t e r -  
f e r e x e  a t  o ther  power p l a n t   f a c i l i t i e s .  For example, the  placement  of 
towers  southeast o f  the  switchyard is intended  to take advantage  of .:he 
re lar ively  infrequent   occurrence  of  winds from t h i s  d i rec t ion   dur ing  
the  winter and thereby  decrease  the  l ikel ihood  of   ic ing  a t  t h a t  locat ion.  

D l  -1 

Rectangular  mechanical  draft   towers  are  oriented  with  their   long axe:; pa ra l -  
l e l  t o  the  prevail ing  (westerly) winds, since  average plume r i s e  is 

enharced and ground-level plum'e  downwash frequency is minimized w i t h  t h i s  
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configuration. The separation  distances between these  towers were 
chosen to  reduce  problems  of plume recirculat ion,   i .e . ,   entrainment  of  
plumes  from  windward towers  through t h e  intakes  of downwind towers.  For 
the  other  designs  (round  mechanical  draft and na tu ra l   d ra f t ) ,  downwash 
and recirculat ion  are   less   important .  The  box configurations recom- 
mended f o r  these  systems  ensures maximum aggregate plume rise with 
minimum dependence on wind direct ion.  

Physical  dimensions and operating  characterist ics  for  each  cooling  tower 
design are  presented in Tables Dl-1 and Dl-2. The tabulated  emission 
parameters  correspond t o  full- load  operation of the  power plant  year- 
round opera t ion   a t  maximum generating  capacity w a s  assumed i n   t h i s  
analysis ,   ensuring  that   the  magnitude  and  frequency  of  calculated 
e f f ec t s  will be conservative  estimates.*  Scheduled and unscheduled un i t  
outages were not  considered  in th i s  study. 

Advanced mathematical  modeling  techniques  were employed to   es t imate   the 
following  specific  effects  for  each  cooling  tower  option: 

surface  ic ing and fogging due to  cooling  tower  operation - 
seasonal and annual  frequencies as functions of  dis tance and 
d i rec t ion  from the  towers; 
v i s i b l e  plume lengths - seasonal and annual  distributions; and 
d r i f t   depos i t i on  - seasonal and annual  deposition  patterns. 

D1.2 POTENTIAL MV1ROEME;nFTAL IMPACTS OF THE'FOUR ALTERNATE COOLING 

TOWER DESIGNS 

The potential   impacts  of  natural  and mechanical draf t   towers   d i f fe r  
subs tan t ia l ly .  The shape  of a rectangular  mechanical  draft 
tower  presents a s igni f icant   obs tac le   to   the   loca l   a i r f low.   Qur ing  
periods  of  moderate  to  strong  winds,  the  potential  for plume downwash 
.and . rec i rcu la t ion  is grea tes t   for   th i s   des ign .  Due to   t he   r e l a t ive ly  

*The current  operating  schedule  for  the power plant   indicates  a l i fe t ime 
average  capacity  factor  of 60%. 
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TABLE Dl-1 

ENGINEERING DATA F ~ R  MECHANICAL DRAFT COOLING TOWERS' 

A. Design  Conditions  (Rectangular and Round) 

Ambient Wet Bulb Temperature 13.9'C 

Approach 12.8°c 

Range 18.7OC 
Circulat ing Water Flow RatelTower 10,112 l i t e r s / s e c  

B. Physical  Dimensions 
Rectangulai Round 

Number of  Towers 4 4 

Tower :Length  and Width. l l h  x 23m - 
Tower Diameter ~ 7 6m 

Number of Fans per Tower 9 9 

Effluent  Release  Height 2om 21m 

Effluent  Discharge Area per  F a n  7 5m2 84m 2 

C. Effluent  Properties  (Rectangular and Round) 

Dry Bulb 
Airflow 

- Temerature  ('C) Temperature ("C) (m /set) 
Wet Bulb Rate3per Fan 

-15.0  -16.3 800.56 
-15.0 -15.0 800.56 
10.0 3 . 3  800.56 
10.0 10.0 800.56 
32.2 23.9 800.56 

D. Drift Properties  (Rectangular and Round) 

Percent  of  Circulating Water 
Escaping  as Drift 

0.008% 

Recirculation  Buildup  Factx 14  

Salt Drift Emission  Rate  per Tower 1.23  g/sec 

Wet Bulb 
Temperature 

Out ("C) - 
26.7 

2 7 . 8  

3 3 . 3  

37.2 
41.1 

'rata provided by  INTEG/EBASC:O. 
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TABLE Dl-2' 

ENGINEERING DATA FOR NATURAL DRAFT COOLING TOWERS 

A. Design Conditions 
2 Towers 4 Towers 

Ambient Wet Bulb Temperature l j . 9 " C  13.9'C 
Approach 12.8'C  12.8OC 
Range  18.7OC  18.7'C 
Circulat ing Water Flow Rate/ 20,224 l i t e r s / s e c  10,112 l i t e r s / s e c  

Tower 

8. Physical Dimensions 
2 Towers 4 Towers 

Tower Diameter a t  Top 67. l m  49.lm 
Effluent  Release  Height 116.4m 91.4m 

C. Effluent  Properties 
Air Flow Rate 

Wet Bulb Per Tower 
Dry Bulb 

Temperacure ('CL Temeraturc  ("C) Cut ("C) 2 Towers 4 Towers 
Wet Eulb Temperature (rn3/sec) 

-15.0 
-15.0 

10.0 
10.0 
32.2 

-16.3 
-15.0 

3 . 3  

10.0 
23.9 

28.9 13,470 6.735 
29.4 13, SO8 6,754 
36.7 12,393 6,196 
36.7 12,393 6,196 
42.2 12,oa6 6,003 

0. Drif t   Propert ies  
2 Towers 4 Towers 

Percent of  Ci rcu la t ing  Water  0.0085 0.008% 
Escaping a s  Drift 
Recirculation Buildup  Factor 14 14 
S a l t  Drift Emission  Rate 2.46 g/sec 
Per Tower 

1.23 g/sec 

'Data provided by IXTEG/E&ZSCO. 
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l ' >w plume release  height,   ground-level impact ( fo r  example,  fogging) is 
e.cpected whenever high wind :;peeds occur. The ambient  temperaturb 
a'xompanying  such  winds  determines  whether  the  intersection of  th,? plume 
w.ith the  ground a l so   r e su l t s  i n  the   format ion   of   i ce   a t   the   sur face .  

The sever i ty   o f  downwash depends on the  angle of  the  wind r e l a t i v e   t o  
the  tower. The greatest  ground-level impact i s  expected when the  wind 
i:; perpendicular   to   the  l ine of  cel ls ;   conversely,  maximum plume :rise 
and the  least   ground-level inpact should  occur w i t h  winds para l le : :   to  
the  tower's  long  dimension. 

Ir. cont ras t ,  round  mechanical d r a f t  and natural   draf t   towers ,  as a 

re .sul t   of   their   shape,   present   less   of  an obs t ruc t ion   to   the  wind f i e l d .  
Tkis reduces  the  frequency of downwash. In addition,  the  behavior  of 
ef 'f luent from each  tower is independent  of wind d i rec t ion .  Due t o  the  

lcw release  height   of  round  mechanical draft   towers (21 meters   or  
approximately 65 feet) ,   fogging  and/or  icing due t o  downwash does  occur 
under  conditions  of  high wind speeds. However, ground-level  impacts 
will be much less frequent  than  with  the  rectangular  towers.  Unlike  the 
mechanical draf t   towers ,   largt   natural   draf t   towers   typical ly   discharge 
t h e i r   e f f l u e n t s  from heights 'of 90 t o  150m (300 t o  500 f e e t )  above 
grsde. In general,  observations i n  the  vicinity  of  such  towers  indicate 
t h p t  v i s i b l e  plumes do not er rend   to   the  ground in   reg ions   o f   re la t ive ly  
f l 3 t  terrain.   Incremental   icing and fogging  due  to   natural   draf t  cowers 
ar3. therefore,  not  normally :.mpacts of concern. 

In addi t ion  to   fogging and ic ing  due t o  downwash, it is possible  that 

the  e levated plumes will impact upon e leva ted   t e r ra in  downwind of  the 
cooling  towers.  Another  important  consideration  in  the  case of  mechanical 
draf t  towers is the   po ten t i a l   fo r  plume impacts ( in  pa r t i cu la r ,   i c ing )  
a t   spec i f i c   l oca t ions ,  such  as the  switchyard,  located on the   p lan t :   s i te  
i t s e l f .  

Lli-9 



A l l  the  cooling tower  designs  under  consideration will lead  to  extended 
v i s i b l e  plumes dur ing   s i tua t ions   o f   l igh t  wind and high  relative  humidity.  
Thus, some obscuration  due t o  elevated  cooling tower plumes i s  unavoidable. 
However, the  extent  of  the  obscuration is a function of the  type  of 
cooling  towers and their  r e l a t i v e  placement. For a row of  towers,  for 
instance,   the   angle  of t h e  wind with  respect   to   the  center- to-center  
ax i s  is important in  determining  the  degree  of enhancement of plume rise 
and length  due  to plume interact ion.  In cont ras t ,  a box layout of  
cooling  towers will c rea t e  a much more uniform enhancement of rise 
re su l t i ng  from plume merging. The observed plume lengths i n  t h i s  case 
will be l e s s  dependent on wind direction,  other  meteorological  conditions 
being  the same, than those from a l i ne   o f  towers. 

The r a t e  of d r i f t  depos i t i on   a t  any p o i n t   i n  the  v i c i n i t y  of evaporative 
cooling  towers i s  a l s o  a function  of  the  type  of  cooling  towers and 
t h e i r  r e l a t i v e  deployment. The low re lease   he ight  and suscep t ib i l i t y   t o  
downwash which character ize  the mechanical d r a f t  towers  tend  to  produce 
p a t t e r m   o f   d r i f t   d e p o s i t i o n  t h a t  are ch ief ly   concent ra ted   in   the   a rea  
near t h e  tower s t ruc ture .  Drift from the  hyperbol ic   (natural   draf t )  
design is dispersed  over a l a rger   a rea  than t h a t  from mechanical d r a f t  
towers ,   resul t ing  in   less   concentrated  deposi t ion  pat terns .  The deployment 
of multiple-tower  cooling  systems is important   because  dr i f t   pat terns  
from individual  towers  can  overlap,  increasing  the  total mass deposit ion 
rate a t   po in t s   nea r   t he  towers. 

Dl-10 
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D2.0 : jU"ARY AND CONCLUSIONS 

R<?sults  of  the model simulatfton  analyses  performed  to  evaluate  visible 
plume and d r i f t   e f f e c t s  due ':o the   four   a l ternate   cool ing tower  designs 
a: the  Hat Creek Generating  Plant  are summarized below. I t  should  be 
mentioned tha t ,   whi le   the   s tndy   provides   rea l i s t ic   es t imates   o f   t : i e  
magnitude  of  such  effects,  the  results  obtained  are  based on meteoro- 
logical  data  collected  over  : iust  one year  (1975),  and, t h u s ,  may :lot be 
representative of a "typical"  annual  cycle. In par t icu lar ,   the   =$a i lab le  
rcflative  humidity  record from  measurements a t   t h e  B . C .  Hydro Harry Lake 
mc!chanical weather  station  includes  only 47 hours w i t h  recorded  re la t ive 
humidity  greater  than 90%. I l l i s  is bel ieved  to  be an u n r e a l i s t i c a l l y  
low frequency  of  high-humidity  conditions,  although  observations at the  
nearest   full- t ime  weather  stations  tend  to  confirm  that  southcentral  
BITtish Columbia was dryer (End s l igh t ly   coo le r )  t.han  normal during 1975 

(see Appendix E,  Climatic Assessment). AS a r e s u l t ,  it i s  probable   that  
Smquencies  of fogging., i c ing ,  and extended  visible plumes presented 
here   are  somewhat underestimated. However, t h e   r e l a t i v e   e f f e c t s   o f   t h e  
'various  tower  designs  are  believed  to be accura te ly   s ta ted .  With t h i s  
q r a l i f i c a t i o n ,   t h e  major  conclusions  of our analyses  are  as  follows. 

Ground-level  impacts  of  visible plumes due t o  downwash $.re 
predicted  to   occur   f requent ly  (915 hours  of  fogging  per  year 
and 170 hours  of  icing  per  year)  with  the  rectangular mechani- 

within 600 meters from the  towers, fogging is expected t o  
cal   draf t   towers .  Even though  such e f f ec t s  w i l l  be l imi t ed   t o  

reach  other power p l a n t   i n s t a l l a t i o n s  up t o  200 hours  dusing 

year (40 hours in   the   swi tchyard) .  
the  year  w i t h  associated  ice  formation up t o  80 hours  per 

Ground-level  fogging from round  mechanical d r a f t  towers 
will occur only infrequently  (about 30 hours  per  year).  
Elevated plumes fmn  these  towers  would intercept  switchyard 
equipment mcre oftel ,   possibly  producing  icing up t o  
100 hours  per  year. 
No 1ocali:ed  fogging o r   i c ing   a r e   p red ic t ed   fo r   e i t he r  of the  
two na tu ra l   d ra f t  t81wer designs examined in   t h i s   s tudy .  

D2-1 



For a l l  tower  designs,  elevated plumes w i t h  v i s ib l e   ex t en t  
grea te r  t h a n  5 km are   expected  to   occur   re la t ively  rarely.  

year  during  periods  of  high  relative  humidity accompanied by 
Plume lengths  exceeding 15 km w i l l  occur  several  hours  per 

low wind speed. Visible plumes a r e  e.xpected t o  pass  above the  

per  year. Plume impacts on the   e leva ted   t e r ra in  i n  the  
Indian Reserve 2 km northwest  of  the  plant  site  about 40 hours 

Cornwall Hills are  predicted  to  occur  about 5 hours  during  the 
year.  

mechanical draft  towers. On an annual b a s i s ,  these  towers 
will have a maximum deposit ion  rate  of  about 51,000 kg/km2/year. 
The rectangular  mechanical  draft  towers will also  produce 

while  both natural   draf t   designs will r e s u l t  i n  much lower 
r e l a t i v e l y  depos i t ion   ra tes   (maxim = 24,000 kg/km2/year), 

maxima but wider   pat terns   of   dis t r ibut ion.  For a l l  tower 
options,  maximum annual deposit ion  rates  decrease  to  about 
560 kg/km2/year (5 lb/acre/year)  within 3 km from the  towers. 

The grea tes t  d r i f t  depos i t ion   ra te  i s  predicted f o r  the  round 

Based on the  conclusions  stated above, the  following  ranking (most 
des i r ab le   t o  least desirable)  can be  in fer red :  

I) two na tu ra l   d ra f t  towers (most des i rab le) ;  

2) f o u r  natural d r a f t  towers; and  

3) four  m u d   o r   r e c t a n g u l a r  mechanical draft towers ( l ea s t  
desirable)  : 

This ranking  reflects  only  consideration  of  potential   environmental  
effects  associated  with  these tower  designs.  Other  factors t h a t  m u s t  

u l t imately be weighed i n  the  select ion  of  a cooling  system  for  the 
proposed power p lan t  (e.g., engineering and cost   aspects)  were'not 
considered i n  th i s   s tudy .  
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D3.0  ATMOSPHERIC  EFFECTS 

1 

By mcans of the  COOLTOWR model (see Addendum A ) ,  the  behavior  of  saturated 
plumes  from the  cool ing-towers ,   for  a representative  subset  of  meteo~:ological 
condLtions, was determined.  Houly  observations  compiled  over a period 
of  one  year a t   t h e  B.C. Hydro mechanical  weather s t a t ion   nea r  Harry Lake 
were incorporated  to  predict   the  frequencies  of  occurrence  of  visible! 
plumc. lengths and the  incremental   effects  produced by the  towers upon 
local  patterns  of  ground-level  icing and fogging. A complete  description 
of  mcteorological data used i n  t h i s  study i s  provided i n  Addendum C. 

The ca lcu la t ions  were  performed f o r  each month of  the  year.  To avoid 
unnecessary  repet i t ion,  however, detailed  analyses  of  cooling tower 
impacts are   presented  only  for   the  annual   per iod and for  selected  seasons.  

D3.1 GROUND-LEVEL FOGGING AND ICING 

The occurrence  of  ground-level  f,>gging  and/or  icing  due  to  cooling  tower 
plumes is ch ie f ly  a by-product of aerodynamic downwash.  The meteorological 
condition  associated  with downwa.jh is high wind speed. Under t h i s  
condi t ion,   the   presence  of   the tower s t ruc tu re  in  t h e  ambient  flow f i e l d  
r e s u l t s  i n  the  formation  of a low-pressure wake i n  the   l ee   o f   the  towrcrs. 
Plume r i s e  is inh ib i t ed   i n  such  circumstances, and p a r t   o r   a l l   o f   t h e  
tower  effluent may be  temporar i ly   def lected  into  this  wake region. At 

suffi’: ient downwind dis tances ,   the   reserve buoyancy of  the  plume allows 

it  to  escape t h e  lee  cavity;   therefore,   ground-level  impact i s  r e s t r i c t e d  
t o  tha? region  adjacent   to  t he  cooling  towers. 

The cooling  tower plume model inc:orporates schemes to  simulate aerody;\amic 
e f f ecs   a s soc ia t ed   w i th   each  towor design. For rectangular  mechanical. 
draft   towers,  downwash of  the  plrme is assumed to   occur  when the   r a t io  
of   tower   exi t   veloci ty   to   the wir.d speed a t  tower h e i g h t   f a l l s  below a 

c r i t i c a l   v a l u e ,  which i s  a funct ion of the  plume ex i t   r ad ius ,  tower 
height. and the   angle  between t h e  wind vector  and the  long ax is  of the! 

tower, The scheme used i s  a modified form of one o r i g i n a l l y  suggested. by Briggs 
1 

. 



and found t o  be valid  for  rectangular  mechanical draft  cooling  towers by 
Hanna.' For the  rectangular  towers  studied  here,   the  cri t ical  wind 
speed f o r  downwash varied f rom 4 . 7  m/s f o r  winds perpendicular t o  the 
tower's long  axis  to 9.7  m/s fo r  winds paral le l   to   the  tower 's   long 
axis. 

Qn the  basis  of  numerical  modeling  results,  the  occurrence  of tower- 
related ground-level  fogging  and/or  icing  associated  with t h e  four  
rectangular  mechanical draft cooling  towers is expected  to be frequent. 
In all,   fogging is predicted  for  915 hours  during  the  year  or more than 
10% of  the  time. This r e s u l t  is reasonable  since the frequency  of 
occurrence  of  tower-related  fogging  around  rectangular  mechanical  draft 
towers  has  been  observed t o  be extensive.' However, no more than  about 
200 hours  of  fogging are  expected a t  any  one point. 

The r e s u l t s  of the  analyses  for  annual and worst-season (autumn*) 
frequencies of ground-level  fogging  due  to  the four rectangular mech- 
anical   draf t   cool ing  towers   are   i l lustrated  in   Figures  D3-1 and D3-2 

respectively.  In  addition,  Table D3-1 lists the  predicted 'hours   of  
fogging by  month. The pa t te rns   depic ted '&  the   f igures   i l lus t ra te   the  
asymmetrical distribution  of  fogging  associated  with  these  towers and 
the  contributions f r o m  individual  towers. The annual  fogging  frequencies 
indicate   that   the   major i ty  of  fogging  cases  occur  with a south-southwest 
wind, resu l t ing  i n  fogging  north-northeast  of  the  towers. The power 
plant   instal la t ions  north  of   the   towers  will receive up t o  200 hours  of 
fogging  during  the  year.  Portions  of  the  switchyard and  most of  the  other 
plant  structures  could have as  many as 100 hours  of  fogging  during  the 
annual  period, as could most of   the   o ther   p lan t   ins ta l la t ions .  

*Autumn is defined as t h e  months of September,  October, and  Novenber. 
The other  seasons  follow from th i s   de f in i t i on .  See Addendum C f o r  
de t a i l s .  
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TABLE 03-1 

HOURS OF INCREMENTAL FOGGING AND ICING BY WNTH' 
FOR MECHANICAL DRAFT COOLING TOWERS 

Month 

JanuarY 

February 
March 
April 

June 
July 

August 
September 

October 
November 
December 

Annual 

Fogging 
Rectangular Round 

27  SSE 0 
15 SSE 0 
64 SSE 1 s  

37 SSE 1 E  
29 SSE 0 
20  SSE 0 
34 SSW 0 

85 NNE 0 
97 SSE. 0 
270 NNE 6 NNE 
185 NNE 20 NNE 

52 NNE 1NNE 

915 NNE 29 NNE 

Icing** 
Rectangular 

17 SSE 
12 SSE 
25 SSE 
. o  

0 

0 
0 

0 

0 
4 NNE 

91 NNE 
21 SE 

I70 NNE 

'The direction  (relative  to  the  towers)  coresponding  to  the maximum 
fogging and icing frequency  for  each month is given  next t o  the  
number of hours. 

**NO ground-level  icing is predicted  for   the round  mechanical d ra f t  
t owas .  

a 

. 

. 
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The highest  seasonal  frequency  of  fogging (552 hours) is expected  during 
the  autumn, which has  the  greatest  number of  high  wind-speed  cases  (see 
Ap!endix E ,  Climatic  Assessment). As can  be  seen in   Figure D3-2, the 
pat tern  of   fogging  for  autumn i s  very similar to   the   annual   pa t te rn .  
Th? greatest   predicted impact i s  again  to   the  north of  the  towers , d i t h  

as many as 60 hours  of  fog  reaching  other power p lan t   ins ta l la t ion .5 .  
T h ?  predicted  frequencies of  fogging  during  the  other  seasons  are j i g -  

niFicantly  less,   with  the  lowcst  frequency (94 hours)  predicted  for 
w i l t e r .  In cont ras t  with the r e s u l t s   f o r  autumn, the  maximum occurrence 
fo:?  fogging  during  the  other  seasons is p red ic t ed   t o  be to   the   south-  
southeast ,  away from the   o the~?   p l an t   i n s t a l l a t ions .  

The cr i te r ia   for   de te rmining  an occurrence  of   ic ing  a t t r ibutable   to  t h e  

cooling  tower  vapor plumes arc! s imilar   to   those  used i n  the   i den t i f i ca -  
t ion  of   fogging,   with  the  except ion  that   the   l iquid  content   of  a plume 
in1:ersecting  the  surface i s  asumed  to   f reeze  upon impact  whenever the  
amlrient temperature i s  a t   o r  t'elow 0°C. Fogging jus t  above the  ground 
is assumed t o  accompany each  incidence  of  icing;  thus,  the  frequency of  
occ:urrence of   ic ing and fogging may be  near ly   ident ical   dur ing  the 
coidest  months of  the  year.  

Fi6:ure D3-3 i l lustrates  predicted  annual  frequencies o f  ground-level 
ic ing  produced by the  four  rectangular  mechanical  draft   cooling  tohers.  
In a l l ,  a t o t a l   o f  170 hours  of  icing i s  predicted.  As might be  exoected, 
the spa t i a l   d i s t r ibu t ion  of ic ing  shown in   t he   f i gu res  i s  similar to   t he  

predicted  spat ia l   d is t r ibut ion  of   fogging.  Maximum ic ing  (about 40 hours) 
is predicted  to   occur   north of the  towers.  There w i l l  be instances  of 
lo*-level   ic ing on the  power p l an t   i n s t a l l a t ions .  Xearly 40 hours o f  
i c ing   a re   p red ic ted   for   por t ions   o f   the   se rv ice   bu i ld ings   wi th  20 hours 
of  icing  reaching  the  switchyard. 

Seasonally,   the  greatest   frequency  of  icing is predicted  during  the 
fa l l ,  espec ia l ly   in  November (see  Table  D3-1). This resul t   again 
re f lec ts   the   fac t   tha t   the   g re .a tes t   percentage   o f   h igh  wind speed  cases 

occurs   during  the  la t ter   por t i rn   of   the   year .  No i c ing  i s  pred ic ted   for  
the  months May through  Se?temb*?r. 
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The isopleths  i n  Figure Dj-3 represent  hours  of  potential   "init iation 
o f  tower-induced icing. They do n o t   r e f l e c t   t h e   t o t a l  number o f  hours 
when i ce   a t t r i bu tab le   t o  t h e  towers may e x i s t  on the ground.  Again, only 
the  high wind speed  cases  with plume aerodynamic downwash are  expected 
t o  produce  ground-level  impact. The accumulation  of  ice  deposited on 
the  ground i n  t h e  v i c in i ty   o f  t h e  towers by  downwash is ch ief ly  dependent 
upon the  pers is tence  of   the  meteorological   condi t ions  giving  r ise   to  
such icing. In par t icu lar ,   the   pers i s tence   over  an extended  period  of 
strong winds from a pa r t i cu la r   d i r ec t ion  may possibly  produce a t h i n  
layer  of  ice  during  prolonged  subfreezing  ambient  conditions. The 
region  affected by plume impact is then   usua l ly   res t r ic ted   to   the   f i r s t  
500 meters f r o m  the  towers,  since  aerodynamic downwash is the  major 
mechanism by which v i s ib l e  plumes are  brought  to  the  surface.  

A d i f f e ren t  downwash c r i t e r i o n  is used when considering  ground-level 
fogging and ic ing  due t o  round  mechanical draft   towers and na tu ra l   d ra f t  
towers. This c r i t e r ion ,  which is explained i n  Addendum A, r e s u l t s   i n  a 
s igni f icant ly   h igher  critical wind speed (11 m/s) f o r  round  mechanical 
d r a f t  towers  than  for  rectangular  mechanical  draft  towers.  Therefore, 
l e s s  downwash and fogging/icing are predicted  with  the round design. 
This is reasonable.  since  round  structures do no t   a f f ec t   t he   l oca l  air 
flow as much as   rectangular   s t ructures .  

On the  b a s i s  of  the  numerical  simulations,  ground-level  fogging i s  
predicted  only 29 hours  during  the  year  for  the round  mechanical draft 

towers.  Again, the  majority o f  the  fogging  cases  are  expected i n  autumn 
(see  Table D3-1). I t  i s  expected that the  fogging  induced by these 
towers will only  rarely  reach  other power p l an t   i n s t a l l a t ions .  In 
addition, no ground-level  icing is predicted  for  these  towers. , 

Neither  of  the  natural  draft tower configurations is expected  to  produce 
ground-level  fogging  or  icing  within  the f i r s t  several   kilometers.  This 
r e s u l t  is i n  agreement  with  observations  of plume behavior   a t   operat ional  
na tu ra l   d ra f t  rower s i t e s .  3 

A f ina l   po in t  m u s t  be nade  concerning t h e  resul ts   presented above. In  
developing  meteorological  frequency  distributions;it w a s  not  possible  



t c  eliminate  cases  of  natural  fog from consideration  because  on-si.te 
observations  of  fog were not  available.  Therefore, it i s  possible  t h a t  
some of  the  predicted  tower-induced  fogging cases will occur  during 
conditions o f  natural   obscuration. 

D3.2 ICING DUE TO COOLING TOWER DRIFT DROPLETS 

S ixe   no t . a l l   t he   wa te r   e scap ing  t h e  cooling  towers is i n   t h e  form of 
plme  condensate,  it i s  o f   i n t e r e s t   t o   i n v e s t i g a t e   t h e   p o s s i b i l i t y   o f  
adverse  effects ,  i n  par t icu lay ,   i c ing ,  due t o  impingement  by d r i f t  
droplets .  However, a simple  calculation  serves t o  demonstrate t h a t  the  
extent  of  such  icing must be r .egl igible  i n  comparison w i t h  t ha t  which 
car,  occur due t o  plume downwash f o r  mechanical draft   towers.  

Current   dr i f t   e l iminator   design  specif icat ions  (see  Table  D l - 1 )  indicate  
that  the  emission of d r i f t  will b e   r e s t r i c t e d   t o  0.008% of   t he   c i r -  
culat ing water flow r a t e  (40,418 l i t e r s / s e c ) .  Tota.1 water  escaping  as 
d r i f t  is then  about 3.24 l i t e r s / s e c .  During the  winter,   the  water 
emission  rate  associated w i t h  (evaporative  cooling  tower  plumes is 8'30 t o  
900 l i t e r s / s e c .  Inasmuch as wintertime  conditions  that would cause 
dri.Et  to  reach  the  switchyard :or any other   area)  would a l so   t ranspor t  
the  condensate plume in the same di rec t ion ,   the  above  comparison is a 
s t rong  indicat ion  that   the   potent ia l   sever i ty   of   ic i ,ng due t o  d r i f t  

droplets is substantially less than t h a t  associated wi th  plume impact. 
The fo l lowing   i l l u s t r a t e s  t h i s  conclusively. 

0 Assume tha t  a l l  d r i f t  water  droplets  reach  the  switchyard  area 
without  evaporation  for a period  of one hour. 

8 Assume the  point  of emission is i n  the center  of  the mechani- 
ca l  draft tower c lus t e r  (see Figure Dl-1). A 2 2 . 5 "  sec tor  
emanating from t h i s  p3int would intercept  the  switchyard  area 
between the  downwind iistances  of  approximately 365m and 73Om. 
Assume a l l   d r i f t  water f a l l s  within th i s   po r t ion  o f  the   se ,c tor  
(area  about 78 ,800m2) . 

8 During an hour  the  to.:al drift water  emitted is about  11,664 l i t e r s  
of  approximately 1 ~ ~ 3 ,  

the  equivalent  depth  of  such  water  (ice)  during one hour is 
0. OlScm. 

8 If the  water is  evenly dist r ibuted  over   the  calculated  area,  
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While th is   ca lcu la t ion  is quite  crude, it does  demonstrate t h e  point 
t ha t   i c ing  due t o  drift water is relatively  unimportant.  The poten t ia l  
for   i c ing  due t o  plume impact is much greater,  but  only i f  mechanical 
draft  towers  are  used. No s ign i f i can t   i c ing  o f  any kind i s  ant ic ipated 
f o r  natural   draf t   towers .  

D3.3 VISIBLE PLUME LENGTH 

Model s e n s i t i v i t y  tests indicate   that   over  a wide  range  of  temperatures 
and regardless   of   s tabi l i ty   category,   the   cases   of   l ight  winds accom- 
panied by high  relative  humidity  are  those  producing  the  longest  plumes. 
The climatology  of  the Hat  Creek Valley Region indicates  a pronounced 
winter maximum of  ambient relative  humidity  (see Appendix E ) .  'On t h i s  
basis, one  might  expect the  greatest   frequency of  long  plmes  during  the 
winter season. This is not   ref lected in the model ca lcu la t ion   resu l t s .  

Although the  average relative humidity is grea te r  i n  winter,   there a r e  a 
small number of synopt ic   s i tuat ions which produce  very  high  relative 
humidity  with  light winds in the  Hat  Creek  Region during  the. summer 
season. It is during  these  periods  of high r e l a t i v e  humidity tha t   t he  
longest plumes are   predicted.  The extent  of  these long plumes is i l l u s t r a t e d  
in Figures D3-4 through D3-7 which show the  annual plume l ength   f re -  
quencies  for  each  tower  configuration. 

While cooling  tower plumes with  lengths  exceeding IO km can  occur, it i s  
f e l t   t h a t  one assumption  incorporated by t h e  model; namely,  constant 
relative  humidity in the  plume r i s e   l a y e r ,  is responsible  for  overpredicting 
the  frequency  of  long plumes for   cases   with  l ight  winds and high  humidity 
near the surface. In nature,  such  conditions  normally  occur  under 
specific  circumtances.   Light w i n &  and high  relative  humidities near 
the  ground are typical of ea r ly  morning inversions  with  clear  skies.  
Normally, these  conditions  prevail  through  only a shallow  layer,  the 
region above  which is Characterized by a rapid  decrease  in  humidity. 
The assumption  of  uniformly  high  relative  humidity  with  height i s  overly 
conservative in such  cases,  the more so since  the  depth  of  the plume 
rise layer  itself is greatest   wi th   l ight  winds. In addition,  the model 
does not cons ider   the   poss ib i l i ty  t h a t  decks  of stratus clouds  can  occur 
well within the plume rise layer   predicted  for  low wind cases.  Under 
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su:h circumstances,   the plume would be merged w i t h  the  natural   c louds 
an#l  have no p rac t i ca l   s ign i f i cance .  For these  reasons,   the  predicted 

frsquencies  of plume lengths  greater  than  about 10 t o  12 km a r e  p:robably 
ovm?restimates. 

Thc annual  patterns  of plume frequencies  predicted  for  the  four  tower 

des igns   a re   s imi la r ,  which i s  n o t   s u r p r i s i n g   s i n c e   t h e   r e s u l t s   i n  each 

case were derived from t h e  same meteorological   data .  However, the! 

rectangular  mechanical  draft  plumes d i s s ipa t e   be fo re   t he  plumes  from the  
ot1;er  tower  designs. Longer  plumes occur   with  natural   draf t   towers  

because their  plumes  have  sma:!ler  surface-to-volume r a t i o  which 

resu l t s   in   l ess   rap id   en t ra inment .  The box configurat ion  of  round 
mechanical  draft  towers produc:es quick plume merging,  which again  reduces 
entrainment  because  of the smaller surface- to-volume  ra t io   of   the  
aggregate plume and, t he re fo re ,   r e su l t s   i n   l onge r  plumes. 

The pronounced  lobes  observed on t h e   v i s i b l e  plume frequency  isopl’eths 

may i n   p a r t   r e f l e c t   t h e  use of only one year   of   meteorological   data  i n  
t h e  modeling  analysis. I t  i s  probable   that ,  i f  c l imatological   data  
represent ing  a period o f ,  f o r  example, t en   years  were ava i l ab le ,  some 

smoothing  of t h e  i sop le th   pa t t e rns  would r e s u l t .  The f igu res  show 
i s o ~ ~ l e t h s   r e p r e s e n t i n g   t h e   h i g h e s t   f r e q u e n c i e s  skewed toward  the west. 
Thi:; appears   to  be a r e a l   e f f e z t ,   d e s p i t e   t h e  dominant westerly  winds. 
On-s i t e   da t a   r evea l   t ha t   h ighe r   r e l a t ive   humid i t i e s ,  which would produce 
lon&:er  plumes,  occur more of ten  with e a s t e r l y  winds. The mountain 
rani:es t o   t h e  west  of the  proposed  s i te   effect ively  shield  that   1oc.at ion 

from a moist westerly  flow  of air. Downslope flow  from  the  Coast Range 
would cause warming and drying of t h e   a i r .  An easter ly   (upslope)  wind 
would experience  cooling,  resul. t ing i n  a h igher   re la t ive   humidi ty   a t   the  
site w i t h  t h i s  d i rec t ion .  

The season  corresponding  to  shcrtest  plume lengths is autumn, when 
v i s i b l e  plumes reaching  further  than 4 km from the  towers.   are  predicted.  
The g rea t e s t  number of medium-length  plumes (1 t o  5 km) is expected  during 

wintsr  (December, January, and February). For comparison, the  winter  

season   v i s ib le  plume frequencies  for  each  tower  design  are  presented i n  
Figu:tes D3-8 through D3-11. 

” 
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As  indicated  by  the  figures  presented  in  this  section,  the  frequency  of 
plume  lengths  greater  than 5 kn will  be  very  small.  The  calculations 
that  produced  these  results  incorporate  the  assumption of flat  terrain. 
The  rugged  topography  in  the  vicinity of the  proposed  site  will  normally 
t end  to increase  turbulence,  leading  to  greater  mixing  with  ambient  air, 
and, therefore,  shorter  plume  1,engths. Thus, the  results  presented  are 
conservative  estimates of visitlle  plume  length. 

D3.4 ATMOSPHERIC  EFFECTS  AT  SFECIFIC  RECEPTORS, 

It has  already  been  shown  that,  during  downwash  conditions,  rectangular 
mechanical  draft  towers  will  produce a significant  number  of  hours  of 
ground-level  fogging  and  icing  which  will  reach  other  power  plant  installations 
(see  Section  D3.1).  However,  elevated  plumes  with  low  release  heights 
can ,~lso impact on power  plant  installations.  Under  freezing  conditions, 
significant  icing  could  occur  and  pose  a  hazard or nuisance  to  power 
plan::  operation.  Figures  D3-12  and  D3-13  illustrate  .the  total  number of 
hour:;  of  icing  resulting  from  plume  impact on buildings,  etc.  due  to 
rectangular  and  round  mechanical  draft  towers,  respectively.  Note  that 
for  rectangular  mechanical  draft  towers  (Figure  D3-12)  the  isopleths 
reprtsent  the  sum of the  hours of icing  due  to  downwashing  and  eleva.ted 
plumes.  Since no icing  due  to  downwash  conditions  was  predicted for 
rounc.  mechanical  draft  towers, 1:he freguencies  illustrated  in  Figure 
D3-12  correspond  to  elevated  plume  impacts  only. It is  also  important 
to realize  that the estimated  hours of icing  due to elevated plumes is 
extremely  conservative.  All  hours  characterized  by  sub-freezing  tempera- 
ture  and  elevated  plumes  extending  as  far  as the power  house  structures 
have  been  included.  The  mean  elevation  at  the  base of the  mechanical 
draft  towers is about  1408m (4620 ft)  while  that  of  the  switchyard  is 
10 to 2Gm (30  to 60 ft)  lower.  In  addition,  the  cooling  tower  emiss.ion 
height  is  about 2Gm above  grade. Thus, it  is  expected  that  during  light 
wind  conditions  the  plumes  will  actually  pass  above  the  switchyard 
structures.  For  this  reason  the  values  represented  in  Figures  D3-12 
and  D3-13  are  probably  overestimates  of  actual  icing  frequencies. 

Y 

D3-26 



t o  Rectangula;  gechani- 
c a l  Draft Cooling Towers 

03-27 



Figure 03-15 Predicted Number o f  
Annual Hours of  Icing 

Impact f r o m  Proposed 
Cue to   klevated Plum; 

Round Mechanical Draf: 
Cooling Towers 

c 

c 

I 



.I 

k can  be  seen,  rectangular  mechanical  draft  towers  are  predicted  to 

produce a maximum of 80 total   hours  of  icing  over a year.  The switch- 
yard  could  receive up t o  40 hours  of  icing  annually. The round  mechanical 
draft   towers will cause  icing  of power p lan t   ins ta l la t ions ,   inc luding  
the switchyard,  for as much as  100 hours. This r e s u l t   r e f l e c t s  t h e  
generally  longer plume lengths  expected  with  the  round  towers. .The 
high  re lease  height   of   the   natural   draf t   towers   e l iminates   the  possibi l i ty  
tha t   they  will produce similar impacts. 

AnXher po ten t i a l  problem t o  !be considered i s  plume impact on elevated 
t e r r a i n  i n  the  region  surrounding  the power plant .  The most s ign i f i can t  
t e r r a i n   o f   t h i s   t y p e  i s  the Cornwall Hills, which are   located 8 km 
south-southeast  of  the  cooling  towers. An examination o f  the  annual 
fmquencies   of   vis ible  plume length  leads  to   the  conclusion  that  no more 
than  five  hours  of ground  fogging on the Cornwall Hills, due to   e levated 
p l m e  impact, is expected  each  year  for  any  of  the  cooling  tower  designs. 
Th:.s is a conservat ive  es t imate ,   as   the  a i r   f low  over   the Cornwall Hills 
i s  l i k e l y  to prevent   direct  impingement i n  many cases.  

No adverse  effects  due to   coo l ing  tower  plumes are expected at the  Hat 

Creek Project  mine, located 8 km west-northwest o f  the  power p lan t .  The 
predicted  horizontal   extent  of  fogging and i c ing  due t o  downwash does 
not  approach this   area.   Elevated plumes passing  over t h i s  locat ion will 

be a subs tan t ia l   d i s tance  above the  ground  due t o  plume rise and the 
difference in elevat ion between the  power p l a n t   s i t e  on t h e  r idge  and the  
mine i n  t h e  Hat Creek Valley t 3  t h e  west. 

Although d i r e c t  plume impact (,3round fogging  and/or  icing) is not  a:zticipated,  
a l l  tower  designs  are  expected  to  produce  elevated  visible plumes t h a t  
will pass above the  Indian  Reswve.  located 2 !a northwest   of   the   p , lant   s i te ,  
up to  40 hours  during  the  year.,  
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D4.0 COOLING TOWER DRIFT 

Estimated  monthly,  seasonal and annual s a l t   d r i f t   d e p o s i t i o n   r a t e s ,  
associated w i t h  t h e  operation  of  the  four  al ternate  cooling  tower  designs,  
have  been  calculated  according  to  the  analysis  procedures  outlined  in 
Addendum B and using  the  meteorological  data  described i n  Addendum C. The 
r e s u l t s   f o r  an annual  period and f o r   t h e  summer season  (June,  July and 
4ugust), which corresponds  to   the  highest   seasonal   deposi t ion  ra tes   for   the 
nechanical  draft  towers,  ar’a  presented i n  Figures D4-1 through  04-8 f o r  
aach  tower configuration. ‘The annual  patterns  of  drift   deposit ion,  
i l l u s t r a t e d  in the  first fou r   f i gu res ,   r e f l ec t   t he  dominant westerly 
wind d i rec t ions  which resul-: i n  maximum dr i f t   depos i t i on   r a t e s  t 3  the  
(east of  the  towers. Althoujzh t h i s  i s  a l s o   t r u e   f o r  summer, the  locat ion 
of m a x i m u m  d r i f t  depos i t ion   ra tes   for   the   o ther   seasons   a re  more var iab le ,  
gene ra l ly   r e f l ec t ing   t he  predominant wind direct ion  of   the  given  season 
:see  Table D4-1). 

The l a r g e s t   d r i f t   d e p o s i t i o n   r a t e  (S1,SOO kg/km /year or 460 lb/acre/year) 
j.5 predic ted   for  round  mechmical  draft   towers.   This  relatively  large 
t i epos i t i on   r a t e   i n   t he   nea r   f i e ld  is caused by the  overlapping 01: the  
Itatterns  for  individual  towers as a r e s u l t   o f   t h e i r  box deployment. The 
p-oposed-arrangement of rectangular mechanical draft   towers does not  
FrOduCe t h i s  e f f e c t   t o  the  same degree, but  a maximum d r i f t  r a t e  o f  

24,150 kg/km /year (216 lb/acre/year) is predicted f o r  t h i s  design.  For 
both  mechanical  draft  tower  systems, maximum predicted  dr i f t   depcls i t ion 
ra tes   a re   wi th in  a few hundred  meters  of  the  towers. 

2 

2 

The  two a l t e rna te   na tu ra l   d ra f t  tower  designs  produce  smaller m a x i m u m  
d r i f t  ra tes ,   wi th  peak  values  farther from the  towers. In general ,  
na tura l   d raf t   towers   spread   the   d r i f t  mass over a wider  area. The 
numerical   s imulat ions  indicate   that   the   smallest   dr i f t   deposi t ion  ra tes  
will occur  with  the two natural   draf t   towers  (maximum = 4,700 kg/km /year 
o e  42 lb/acre/year)  . 

2 
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TABLE D4-1 

MAXIMUM DRIFT  DEPOSITION 

Season 

Winter 
:Spring 
ljunPner 
,iututumn 

Winter 
Spring 
:Summer 
,\utumn 

'Vinter 
:Spring 
:Summer 
.4utMm 

(Distance  (m)/Direction 
Location* 

Relative  to  Towers) 

Rectangular  Mechanical  Draft  Towers 

4SO/East 
22S/East 
42S/East 
32S/East-Northeast 

Round  Mechanical  Draft  Towers 

4OO/East 
350/East 
3SO/East 
400/East-Northeast 

Two Natural  Draft  Towers 

1,600/West-Northwest 
97S/East 

1,00O/East 
l,lOO/North-Northeast 

FOUI Natural D r a f t  Towers 

825/Uest-Southwest 
77S/West-Southwest 
775/East 

77S/North-Northeast 

(kg/?ua /season) 
lqt e 

!S39l 
3986 
!3660 

,4380 

11,906 
17,522 
21,341 
7,862 

'2022 

:2154 
1797 
786 

,3145 
,3370 
.X37 
11572 

Tabulated distances  are  measured from downwind  edge of tower cluster. 
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ADDENDUM A 

(A) 1.0 DESCRIPTION AND VALIDATION OF THE COOLING TOWER 
PLUME MODEL 

ERT's numerical model for   predict ing  the  behavior   of  moist, buoyant 
plumes was employed i n  the inves t iga t ion  of atmospheric  effects  due  to 
t h e  proposed  cooling tower::. Input  parameters  to  the model include 
physical  dimensions and operat ing  character is t ics   of   the   towers  and 
selected  ambient  meteorological  conditions. For a given weathe:: s i t u a -  
t i o n   t h e  model computes  plume centerline  height,   slope,   radius,   tempera- 
t u r e  and the  mixing r a t i o s  of  vapor and condensates  within  the plume a t  
incremental downwind d i s t a rces .  To evaluate  impacts  over  extended time 
periods,   the  model output is combined with  appropriate  meteorological 
s ta t i s t ics   to   es t imate   f requencies   o f   fogging ,   i c ing ,  and v i s i b l e  plume 
1 engths . 

The theo re t i ca l   bas i s   fo r   t he  COOLTOWR model is derived from techniques 

o r ig ina l ly  developed t o   p r e d i c t   t h e   r i s e  and growth of  cumulus clouds. 
The computational scheme for   depic t ing   convec t ive   r i se   due   to   a  small 
ve loc i ty   per turba t ion  in  a  quiescent  atmosphere  has  been  adapted  for 
appl icat ion  to   a  buoyant e f f luent   re leased   a t   h igh   ve loc i ty   in to   a  
crosswind. A detailed d i so l s s ion  of t h e  mathematical  procedures used t o  
s imula te   the  complex  thermodynamic  and aerodynamic mechanisms governing 
plume behavior i s  presented i n  t h i s  Addendum. 

(A) 1.1 Plume Model Formla t ion  

'Re mathematical   equations  describing  the  variation  of t h e  plume proper t ies  
:along the   cen te r l ine   o f   t he  plume are   as   fo l lows:  

Conservation  of mass: 

"m = E d 
P 



Conservation of v e r t i c a l  momentum: 

d 2 x (mpWp) = Tgb (0, - pp) 

Conservation  of  horizontal momentum: 

- (m U ) = EUe d 
a P P  

Conservation  of t o t a l  water  content: 

-([mr) = Ere d 
P  P 

Conservation of entropy: 

where 

m = Rb2V p 
P P P  

is t h e  mass flux of  t h e  plume, and 

E = Z?rabV p 
P e  

( 8 - 2 )  

is t h e   r a t e  of entrainment of ambient a i r  mass i n to   t he  plume. 

In   the  above, 
!Z = distance along  the plume center l ine  from ex i t ,  

b = e f fec t ive  plume radius   def ined by 

where b is the   rad ia l   d i s tance   var iab le .  
., 



m 

a 

m 

I 

1 

m 

v = (u; + "1 2 '12 = plume ve loc i ty   t angen t i a l   t o  
P 

cen te r l ine ,  

U = horizontal  component of plume ve loc i ty ,  

W = v e r t i c a l  component of plume ve loc i ty ,  

p = plume densi ty ,  

r = t o t a l  plume water  mixing-ratio, 

s' = (1 + r )s where s = plume specif ic   entropy,  

Ue = ambient wind speed, 

pe = ambient a i r   d e n s i t y ,  

re = water  vapor  mixing-ratio  of  ambient  air, 

s* = (1 + r )s , where se = specif ic   entropy  of  

P 

P 

P 

P 

P P P' P 

e e e  
ambient air ,  

a = semi-empirical   entrainment  coefficient,  

g = accelerat ion  due  to   gravi ty   (9 .81 ms ) .  -2 

Equation (A-1) s t a t e s   t h a t   t h e  plume mass f lux  a long its t r a j e c t o r y  
increases   according  to   the rate a t  which  ambient air i s  entrained h t o  

the plume. Equation (A-2) ind ica t e s   t ha t  changes i n  t h e  plume's v e r t i -  
c a l  momentum a r e   a t t r i b u t a b l e   s o l e l y   t o   t h e  buoyancy of the  plume r e l a -  

t ive  t o   t h e  environment.  Equation (A-3) r e s u l t s  from equat ing  the 
change i n  the   hor izonta l  momentum 0% t h e  plume to   the   hor izonta l  mclmen- 
tun added  by the  entrained  ambient  air .   Equation (A-4) s ta tes   tha t :   the  
to t a l   wa te r   f l ux  of the  plume along its trajectory  increases   according 
t o   t h e  rate a t  which  ambient  water  vapor is en t ra ined   in to   the  plume. 
The effect  of  water  droplet   sedimentation  ("rain-out") on the  plume! 
p rope r t i e s  is neglected.  I t  i s  assumed that t h e  environment  has ncl 
condensed  water. 

Simply stated,  Equation (A-S) expresses t h e  f a c t   t h a t  thermal  energy 
contained  by  the plume a t  any point  of  i t s  t r a j e c t o r y  i s  the  sum of i t s  



i n i t i a l   hea t   con ten t  and the  thermal  energy  of  the  entrained  ambient 

a i r .  For a saturated plume with  condensation  of all   excess  vapor,   the 
specif ic   entropy s can  be  written  as 

P 

s = s i / ( l  + rp) 
P 

where 

r = rvs + rc 
P 

S* = sd + ryssvs + rcsc 
P 

(A-7) 

In the  above, r is the  water  mixing-ratio and s is the  specif ic   entropy,  
and t h e  subscr ipts  d. vs. and E denote,   respectively,   the d r y  a i r ,  satu- 

rated vapor and the  condensate.  For the   s a tu ra t ed  plume, the  l iquid-  

solid  phase changes of the  condensate  are  defined by t h e  plume tempera- 
tureT('K) as follows: 

For 258.16 - C T C Td r = re, ti = 0 (A-1 0) 

For 233.16 - C T 258.16, rc = rL +ri  (A-11) 

For T C'233.16, r = r  r e = O  ('4-12) 

C 

c i' 

Here Td i s  t h e  dew-point temperature  of  the plume, and the   subscr ip ts  9. 

and i ind ica t e   t he   l i qu id  and i c e  phases  of  the  condensate. In Equation 
(A-11) the   l iqu id  and i c e  mixing ra t ios   can  be calculated as 

(2S8.16 - 
(258.16 - 23?16) 'c 

re = rc - r. 
1 

(A-lla) 

(A-llb) 

Treating  dry a i r  a s  an ideal   gas ,   the   specif ic   entropy sd i s  
defined from the  first law of  thermodynamics  by t h e   d i f f e r e n t i a l   r e l a -  
t ionship: 

.X 

I 



dsd = C d (fin. T) - Rdd(an P) (A-13) 
P 

Here, P i s  the   p re s su re   i n   t he  plume, Rd is the   gas   cons tan t   for   d ry   a i r  
(287.04 OK-'), and C is the   spec i f i c   hea t   a t   cons t an t   p re su rc  

f'or d r y   a i r  (1004 m2s-* OK-'). This  equation is va l id  for  a l l   p rocesses ,  
t o t h   r e v e r s i b l e  and i r r eve r s ib l e ,  and it applies  to  the  substance  comprising 
a closed  system as  well   as  the  substance  undergoing a change  of s t a t e   a s  
a resul t   of   f low  across   the boundary o f  an  open  system (see, e.g., Van 

P 

Wylen ).  Integrating  Equation (A-13), f o r  a sa tura ted  plume, we obtain I 

sd = C an - - R d h  
p T3 

T (A-14) 

where e i s  the  saturat ion  v . ipor   pressure i n  the  plume. The subscr ipt  3 
r e f e r s   t o   t h e   c o i d i t i o n s   o f  .the t r i p l e   p o i n t  where the  vapor ,   l iquid,  

and sol id   phases   coexis t  i n  'equilibrium: 

S 

Tj = 273.16'K 

P3 = 100 centibars  (cb) 

e3 = 0.611 centibars  (cb) 

The specif ic   entropy (s ) fo r   t he   s a tu ra t ed  plume vapor i s  given by vs 
LIi3 e 

'vs i 3  T3 pv T3 e 
1 s  +"+C a n - -  R a n -  S 

3 V 
{A-1s) 

where R, is the  gas  constant  for  water  vapor (461.5 m s K ), Cpv is 

the   spec i f ic   hea t   a t   cons tan t :   p ressure  f o r  water  vapor (1876.f m-:i 
0 -1 

and si3 is an a rb i t r a ry   cons t an t .  

2 -2  0 -1 

' -2 

1: ), Ls5 i s  the   l a ten t   hea t   o f   subl imat ion   a t   t r ip le   po in t  (2.8JS x 10 m s 1, 6 2 -2  

The spec i f ic   en t ropies   o f   the   l iqu id  and i c e  phases,  respectively, of  
t h e  condensed  vapor are given by 

= + - + ' a "  
Lf 
T3 T3 a 

T 
(A-16) 



(A-17) 
I 

where CQ is the  specif ic   heat   of   l iquid (4187 m2s-' and Ci is the  
specif ic   heat  of i c e  (2000 m2s-' OK-'), and Lf i s  the  la tent   heat   of  
fusion (0.334 x 10 m s 1. 6 2 -2 

In the  present  model, no d i s t inc t ion  is made between the   spec i f ic   en t ropies  u 

of   t he   l i qu id  and t h e   i c e ,  and the  specif ic   entropy  of   the  ent i re   condensate  
is assumed to   be  that of   the  l iquid,   i .e . ,  s = 5,. This approximation, 
while  simplifying  the  analysis,   does  not  introduce a s ign i f i can t   e r ro r  
s ince ,   genera l ly ,   the   i ce   conten t  is only a smal l   f rac t ion   of   the   to ta l  
condensare. The emor may be   s ign i f i can t   fo r  plume temperatures below -27.S'C; .. 
however, such low plume temperatures plume are not  frequently  expected. 

C I 

The saturated  vapor mixing  r a t i o  is defined by 
L 

b' = Ls3 - L f  Lv3 
RvT3 T3 

D -  

(A-18) 

(A-19) 

(A-TO) 

(A-21) 

Here, Lvj i s  the  la tent   heat   of   vaporizat ion (2.501 x 10 m s 1. Sub- 
s t i tu t ing  the   re la t ions   g iven  above fo r  rc, sd,  svs, and sc i n  Equation 
(A-g), and u t i l i z i n g  Equations (A-19) to (A-21). t he   r e l a t ion   - fo r  s a  of 
the   sa tura ted  plume as a function of r T and p i s  obtained  as: 

6 2 -2 

P 
P' 

I 

I 

I 

. 



+ r [si3 + - + CL Ln -1 Lf T 
P T3  T3 

(A-22) 

In t h e  above, the   p ressure  p i n  t h e  plume, assumed to  be  not  signi- 
f i c a n t l y   d i f f e r e n t  from that i n  the  environment, i s  a known function  of 
2. ::f SI and r have  been computed f o r  a certain  height,   Equations 
(A-18) t o  (A-22) can  be  solved by a successive  approximation  technique, 
such as the  Newton-Raphson methcld (see, e.g., McCracken and Don ) 

t o  dctermine T a t  tha t   he ight .  The plume dens i ty  i s  then  calculated as 
follclws: 

P P 

2 

(1 + r ) ( p  -. eS) 

RdT pP 
I - (A-;!4) 

We caa then compute rc If rc i s  negat ive,   the  plume i s  
unsaturated; T must then be recomputed by replacing  Equation [A-22) 

with  Equation (A-23) for   an  unsaturated plume. 

= rP - 

The ambient wind, temperature and water  vapor  mixing r a t i o   d i s t r i b u t i o n s ,  
Ue(z),  Te(z) and r e ( z )   r e s p e c t i v e l y ,   a r e   s p e c i f i e d   a t  a d i s c r e t e  number 
of   ver t ica l  levels as   i npu t s   t o   t he  computer  program. Assuming t h a t   t h e  
ambient a i r  has no condensed  water, t h e  ambient a i r   d e n s i t y  p (2) i s  
ca lcu la ted   as  

e 

(A-2s) 



If the  ambient specific  humidity  profile  qe(r)  is known, the  ambient  water 
mixing r a t i o  can  be calculated  as  

r = -  e 1 - 9, 
qe (A-26) 

Alternately,  if the  ambient re la t ive   humidi ty   p rof i le  4J ( 2 )  is known, 
then, 

e 

4J qes r =  e 1 - 4J qes 

where 

0.622 ees 
qes p - 0.378 ees 

.I 

ees = 6.1078 e x p ( T )  CTe 

(A-27a) 

(A-27b) 

(A-27~) . 
In t h e  above, f o r  Te e O'C, c = 21.8746, d = 265.49, and f o r  

Te > OOC, c = 17.2694, d = 237.29. 

The t ra jec tory   o f   the  plume is calculated by s tepwise  integrat ion  of  
Equations (A-1) t o  (A-S), s t a r t i n g  from the  plume o r ig in   a t   t he   t op   o f  
the  cooling  tower. The known tower-exit plume properties  determine  the 
i n i t i a l  values of  t he   d i f f e ren t i a t ed   quan t i t i e s  on t h e   l e f t  hand s ide   o f .  
the  equations. The plume p rope r t i e s   a t  &y 9. a r e  determined  as  prognostic 
var iables  by integrating  the  equations  through  each  vertical   layer  using 
a fourth-order Gunge-Kutta method (see, e.g.,  Hildebrand) ? 

The trajectory  distance  increments AL are calculated  for   each  inte-  

gra t ion   s tep  by finite-difference  techniques,   i .e. ,  A9. = (Ax 2 c Az 2 ) 1 / 2  , 
where Ax and AZ respec t ive ly   a re  t h e  horizontal  and ver t ica l   d i s tance  



a 

- 
I 

I 

increments.  These  incremental  iistances  are  determined  for  each  inte- 
gra t ion   s tep  by the   re la t ionshtp :  

Ax = 9 . 0 2  
U 
W 

P 
(A-28) 

For 9 symmetric plume, the  entrainment rate (E) of  ambient air, defined 
i n  Equation (A-6b). i s  characterized by the  so-called  entrainment  velocity 
(aVp). For a bent plume, t h e   l a t t e r  is defined by an expression similar 
t o  t l a t  given by Briggs. 

4 

av = $ ( ~ 3 ~  W:! + up) 
W 2 2 1 / 2  

P P I? (A-29a) 

The 'coeff ic ients  0 and y a r e   e q ~ i r i c a l l y  chosen, and character ize ,  rms- 

pect ively.   the   mixing  ra tes   associated  with  purely  ver t ical  plume motion 
and ' lent-over  (essentially  horizontal)  plume. I t  i s  assumed that   dur ing 
the  l~ending-over  stage,   the two corresponding  velocit ies may be added 
vectorially.  Rewriting  Equation (A-29a) i n  tenus  of  incremental  distances, 

(A-29b) 

Near t h e  tower ex i t ,  where the  plume is e s s e n t i a l l y   v e r t i c a l ,   t h i s  

equa::ion gives a = 0 s ince  'E = f and 0. In t he  far f i e l d ,  as 1:he A2 Ax 

plume becomes near ly   horizontal ,  = 1 E << 1 and a = y - These 
la t ter   expressions  together  with Equations ( A - l ) ,  (.&-6b), and the  as?iump- 
t i o n   t h a t  p = pe, y ie ld   the   fa r - f ie ld   re la t ion   g iven  by Briggs. 

Ax A2 
dx 
dz 

4 
P 

db = y d z  ( A - X )  

In t h i s  bent-over  stage and far  from the  source,   the plume will apprclach 
the  "two-thirds law" downwind d h t a n c e  dependence of Briggs'  buoyant 

plwno equation. 



Since  very l i t t l e   f i e l d  data e x i s t  on the  far-f ie ld   behavior  of  the 
plumes, we have  invoked  a method a f t e r  Briggs4 to   de f ine   t he  plume 
trajectory and f i n a l   r i s e  far  downwind under   neutral   s tabi l i ty   condi t ions.  
Briggs '   re la t ion is based on obselvations  of  elevated  conventional 
plumes and s t a t e s   t h a t  a cha rac t e r i s t i c  downwind distance,   x*,  
where the  entrainment  rate from ambient  atmospheric  turbulence is of  the 
same s t rength   as   the  plume r i s e  induced  entrainment, may be  estimated 
from the  equation: 

x* = 34 Fo 0.4 (A-31) 

where Fo is the  i n i t i a l  buoyancy flux of  the plume. 

This equation  should  only be applied t o  buoyant plumes with  values  of F 
in  excess of 55 m /s . This value  of x' imp l i c i t l y  assumes t h a t  the 
far-field  entrainment  coefficient is 0.6. Again, without   data   to  t h e  

contrary,   the best approximation on the  value o f  a is obtained by assuming 
t h a t   t h e  tower plumes i n  the   f a r - f i e ld  would have  entrainment  rates 
similar to  those  of  conventional plumes. Final rise is estimated by ' 

Briggs by  assuming a 0.6 entrainment  coefficient up t o  a downwind dis tance 
of 3.5x'. 

4 3  0 

To s imula te   fa r - f ie ld  plume behavior,  the model operates as follows. 
For x < x*,  the  entrainment  coefficients, 8 and y,  adopted in   t h i s   s tudy  
have a value  of 0.8. For x* < x 3.Sx*, a  "bent  over"  entrainment 
coeff ic ient   of  B = y = 0.6 is used. A t  x = 3.5x*,  where the  plume stops 
r is ing,   the   dispers ion  process  is assumed to be governed  completely by 
ambient  turbulence. 

The Pasquill-Turner  formulation  for  horizontal and v e r t i c a l  plume growth 
is generally  accepted  for  applications to the   diffusion  processes  dominated 
by atmospheric  turbulence.  For x > 3.Sx9,  the  plume rise model has  been 
coupled  to the Pasquill-Turner  formulation  for  predicting  ground-level 



pollutant   concentrat ions.  When the  maximum plume r i s e   h a s  been  achieved, 

the   ' top-ha t '  plume prof i le   genera ted  by the  numerical model is matched 
t o  f : t t  v e r t i c a l  and cross-wind  rop-hat  profiles which re ta in   bo th   the  
cent(?r l ine  concentrat ion anf t he   t o t a l   c ros s - sec t iona l  mass f lux   o f   the  
o r ig ina l   d i s t r ibu t ion .  Top-hat plume widths  are  calculated by multiplying 
Gaussian plume standard  deviations by a fac tor   o f  1.414. Functional 
form:; of   the   hor izonta l  and ver t ical   s tandard  deviat ions  of  plume d i s t r i b u t i o n  
were derived on t he   bas i s   o f   f i e ld   s tud ie s  performed a t   t h e  Hat Creek 
s i t e .  These expressions  provide  estimates  of a and ozas funct ions 
of  downwind d is tance  and stability. Appropriate  virtual  source  distances 
corresponding t o   t h e  computed values of 0 and az are thus   ident i f ied .  
The ra tes   o f   hor izonta l  and v e r t i c a l  plume growth are   t rea ted   as   guass ian  

beyond the   d i s t ance  where  plume t r a j e c t o r y   l e v e l s   o f f .  

Y 

Y 

( A ) 1  2 Vis ib le  Plume Length  CaLculation 

Figure (A)-1 shows a schematic  ~:epresentation  of  the  determination 0.E 

t h e  r l a x i m u m  v i s i b l e  plume length  using  the  psychrometric  diagram. R e  
s o l i d   l i n e  AEBD gives  the  var ia t ion  of   specif ic   humidi ty   of   saturated 
a i r  over a range  of  temperatures;.  Point A r e p r e s e n t s   t h e   i n i t i a l  plume 
cond:.tions (T ) a t  tower  t:xit.  Point C represents  the  average 

ambimt   a i r   condi t ions  (Te, 9,). As the  vapor plume r i s e s  from t h e  
tower and moves downwind, it entrains  ambient air. The latter is mixed 
r a p i d l y   i n t o   t h e  expanding plume  by the  intense  convect ive  turbulence 

generated  due  to  the  heat  released  during  the  condensation o f  vapor 
with:.n t h e  plume. A t  some d is tance  downwind, the  plume becomes so well 
mixed with  the  entrained ambient: a i r   t h a t  its excess  temperature and 
moisture  content  over  the  ambient  approach  zero,  i .e.,  AT = T - Te :* 0 

and Aq = 9~ - qe = 0 .  This obviously  occurs a t  Point C. Empirical  data 
suggos t   tha t   the  plume conditions  approach  the  ambient  conditions  fo:llowing 

a l i nea r   pa th   ( l i ne  AC) on the  psychrometric  chart .  In the   region where 
t h e  Line AC i s  above t h e  cume  AEBD, t h e  vapor  content  of  the plume is 
greater   than  saturat ion,  and condensation of this  excess  vapor  takes 
place,   thus   creat ing a v i s i b l e  plume. The maximum v i s i b l e  plume length 

PO' 9po 

P 
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Figure (A)-1 Schematic'  Representation of the Determination of the 
Maximum Visible  Plume  Length on the  Psychrometric Diagram 
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is :alculated  as  the downwind d is tance  a t  which the  condi t ions (T 

1 corresponding  to  Point B occur. 
PV ' 

9pv 

In : , ract ice   the plume remains v i s i b l e  (due to   the   sca t te r ing   of   l igh t )  
onl:r so long as it contains   droplets   of  condensed  water  of s u f f i c i e n t  
s i z e  and number t o  make t h e   p l m e   s u b s t a n t i a l l y  opaque.  Otherwise, t h e  

plurle may not  be v i s i b l e  even  though it contains small amounts of   the 
condensate. In the  present  moiel ,   based on t h e   r e l a t i o n  between ho~:izontal 
v i s : .b i l i ty  and the  l iquid  water   content   of   natural   fogs  given by Houghton 
and Radfords it is assumed tha t   t he  plume is e f fec t ive ly   i nv i s ib l e  i f  

the  condensate mixing r a t i o   ( r C  = rL + r . )  f a l l s  below 0.00001. The 

m a x i m u m  v i s i b l e  plume length (x ) is ca l cu la t ed   d i r ec t ly  from the  
model a s   t he   ho r i zon ta l   d i s t ance   a t  which r = 0.00001. 

1 

mvp 
C 

(AI1.3 Calibrat ion  of  Plume Rise Model 

rl 

a 

Slawson e t  all) observed time+mean t r a j e c t o r i e s  of  plumes  from the   t h ree  
natural   draf t   cool ing  towers   a t   the   Tennessee  Val ley  Authori ty 's   Paradise  
Stem  Plant .  Meyer e t  al.' pre:;ented  extensive  data,  collected  over  the 
fa l l  and winter  of 1973-74, of  1:he v i s i b l e  plume from rectangular  mechanical 

draf:  cooling  towers  of  the Potomac E lec t r i c  Power Company's Benning 

Road genera t ing   s ta t ion  i n  Washington. D.C., where 16 tower c e l l s   s e w e  
fossil-fuel u n i t s  with a t o t a l  c l f  560 Mw capaci ty .  These  well-planned 
and  documented observations have  been  used to   t une  ERT's existing  buoyant, 
bent-over  moist plume r i s e  model for  multiple-cell   rectangular  mechanical 
draft   cooling  towers.  The Observations  of Slawson e t  alfi on natural. 
draf t   cool ing  towers   a t   the   Paradise  Steam Plant were u t i l i z e d   f o r   t h e  
c a l i h a t i o n  and va l ida t ion   of   the  ERT cooling  tower plume  model.  These 
obsexvations,   used  as  inputs t o  t h e  ERT plume-rise model, are   given i n  

Table (A] -1 .  The ambient  meteorological  data shown in  t h e   t a b l e  were 
averaged  over  the  height of  plume rise above  tower top, The de ta i led  
ambient prof i les ,   requi red   as   inputs   to   the  model,  were  generated by 
extrapolation  through  these  averaged  quantit ies assuming a l apse   r a t e ,  

a wind shear,  and a dew-point d i j t r i bu t ion   appropr i a t e   t o  a s l i g h t l y   s t a b l e  
envirmment. 



TABLE (A) -1 

TVA PARADISE  STEAM  PLANT  NAlURAL  DRAFT TOWER PLUME DATA 
(Slawson, et  al.) 6 

. OBSERVATION 
Date 

Time 

Plume exi t   ve loc i ty  

Plume exi t   v i r tual   temperature  

Plume exit  spec i f i c  humidity 

Average ambient  temperature 

Average  ambient spec i f i c  humidity 

Average  ambient wind speed 

Ambient p r e s s u r e   a t  tower height 

Maximum v i s i b l e  plume length 

Duoyancy length = Fo/Ue 3 

Towcr height = 132.8111 

Tower exi t   d iameter  = 61.8111 

(a) 

WINTER 
02/10/71 

0653-0750 

2.5 

303.2 

21.2 

262.8 

0.87 

11.6 

1,012.6 

532-866 

2.3 

(b) 
SUMMER 

09/07/72 

0815-0942 

3.6 

310.7 

30.9 

292.0 

12.6 

8.0 

966.8 

200 

3.7 



R e  entrainment   coeff ic ients  5 and y are  determined by  comparing 1:he 
simulated and the  observed plume behaviors. For the  bent-over plumes, E 
i s  assumed to   be  equal   to  y.  According t o  Slawson e t   a l .  , t h e  y value 
i s  0.67 fo r   t he   w in te r  and 1.23 f o r   t h e  summer. The plume r i s e  and 
growth  calculated  by  using  these  values f o r  B and y a r e  shown in  Figures 
(A)-2 and (A)-3,  where they   a r e   a l so  compared with t h e  f ie ld   observa t ions .  
The predicted plume cen te r l ines  i n  both  cases show good agreement with 
the observations.  The p red ic t ed   v i s ib l e  plume lengths   a lso  agree well 

with  the  observations.  The predicted plume growth is s l i g h t l y   l a r g e r  
than  the  observed,   especial ly   in  summer. This  should  not be surpr i s ing  
i n  view  of the  large  entrainment 'of   ambient   a i r   indicated by y = 1.23. 
However, it is reassuring that the  predict ions  of   the  lower  edge c f  t h e  
p lane   a re  on the  conservative  side,   since  this  determines  whether and 
where t h e  plume in t e rcep t s   t he  ground,  and the  result ing  ground-level 

foaging and ic ing.  

6 

The ERT plume rise model used 6 = y = 0.8 f o r  x < x * .  The corresponding 
p r d i c t i o n s   f o r   t h e   w i n t e r  and summer cases a r e  shown in   F igures  (A)-4 

ami (A)-S, respec t ive ly ,  whem they   a r e  compared with the observations.  
Th,?  plume cen te r l ine   ' p r ed ic t ions   a r e   no t   s ign i f i can t ly   d i f f e ren t  from 
tht?  observed  ones. The v i s i b l e  plume lengths   a lso  agree well with the  
observations.  The plume grow:h predic t ions   ind ica te  t h a t  the   p red ic ted  

frl?quencies of occurrence o f  ground-level  fogging and ic ing  will be  on 
the   conserva t ive   s ide .  

(X:I 1.4 The Multiple-Tower  Option i n  COOLTOWR 

T h t ?  behavior o f  combined plumc!s from a row of   ident ical   cool ing towers 
i s  simulated by a sub-model of the COOLMWR program.  Geometrical 
cr : . ter ia  are employed to   determine  points  of  in te rsec t ion   of   ind iv idua l  

(A) - 15 
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Figure (A)-2 Calculated Plume Rise and Growth (Case 1) 
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Figure (A)-3 Calculated  Plume  Rise and Growth (Case 2) 
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Figure (A)-4 Calculated Plume Rise and Growth (Case 3) 
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Figure .(A)-5 Calculated  Plume Rise and Growth (Case 4) 



plumes. Then, physically  realist ic  assumptions  are  used  to  describe 
a l t e r a t i o n s  i n  plume properties  (e.g. ,   f luxes  of its mass, total  moisture, 
and momentum) r e su l t i ng  from the  merging. process. 

Figure (A)-6 dep ic t s   i n   p l an  and elevation  the  multiple-plume  geometry 
used i n  CWLTOWR. For s implici ty ,   only two towers a r e  shown here. The 
horizontal   distance  coordinate (X) is always measured  from the  tower 
f u r t h e s t  upwind. If @ is the   angle  (< 90') of  the wind r e l a t i v e   t o   t h e  
l i n e  of towers and d is their   center-to-center  spacing,  then  the down- 
wind distance  coordinate measured  from the  second  tower is X - d cos 4 .  
In the  figure, the  plumes begin to   ove r l ap   i n   t he   ho r i zon ta l  a t  a downwind 
dis tance X = Xlc defined by: 

- 

b(Xlc) + b(X') 9 dsin@ (A-52) 

where r i s  plume radius.  

A t  any point  in  i ts  r i s i n g  phase,  the  half-depth  of a plume is c lose ly  
approximated by  bsecQ.  where Q is the   a rc tangent   o f   the   cen ter l ine  
s lope  ( the  radius  b is always normal t o   t h e   t r a j e c t o r y ) .  The bottom 
edge of  the  first plume must in te rsec t   the   top  of t h e  second i n  order 
for merging t o  occur. Xf th i s   condi t ion  i s  n o t   s a t i s f i e d  a t  downwind 
dis tance Xlc, then  the  dis tance where plume in te rac t ion   takes   p lace  i s  
Xzc, defined by 

( A 4 3  

Z(X') + b(X')* secG(X') 

where 2 is center l ine  height  above the  ground. 

A t  the   point   of  merging, (Xc = Xlc o r   t he   p rope r t i e s   o f   t he  two 
plumes a r e  combined in the  model as shown below. Propert ies  of the  
combined plumes a re   ind ica ted  by as te r i sk   superscr ip ts ,  and X' always 
s i g n i f i e s  Xc - dcos4. 

(A) -20 
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radius  b* = [bz(Xc) + b2(X.)]1’2 

mass flux: m * = m (X ) + m (X’) 

v e r t i c a l  momentum flux: [$wp]* = [i%wp(Xc)] c ( m ~ ~ p ’ ) ]  

horizontal  momentum flux: [m u ] *  = [ m  u (X ) ]  + [ m  u (X’)] 
P P   P P  c P P  

to ta l   mois ture  flux: [m r ] *  = [m r (X  ) I  + [mprp(X’)] 

total   entropy flux: [m s a ] *  = (xc)] ’+ (m s* ( X 7 1  

P P C  P 
(A-54) 

P P .  P P  c 

P P  [“P’P P P  

The merging scheme is generalized  to  al low  simulation  of plume behavior 
from a mw of  any number of  cooling  towers. 

(G1.S Entrainment Gur.ing I n i t i a l  P lume Rise for M.altiple-Cel1 Towers 

For  round  mechanical d r a f t  tower appl ica t ions ,   the  COOLTOWR model 
incorporates a phys ica l ly   rea l i s t ic   a lgor i thm  for   dea l ing   wi th   the  
va r i a t ion   o f   t he  plume ent ra inment   ra te   dur ing   the   t rans i t ion  from 
mul t ip le   to   s ing le  plume behavior .   In i t ia l ly ,   the  small plumes from t h e  
i n d i v i d u a l   c e l l s   r i s e  and grow separately,  until a t  some point  they  have 
coalesced  suff ic ient ly   to   be  regarded  thereaf ter   as  a single  coherent 
plume.. The principal  advantage  of  the round  mechanical draf t   des ign  
over  conventional  rectangular  towers i s  tha t   t he   c lus t e red -ce l l  geometry 
of   the former favors  more rap id  merging,  an e f f e c t  that i s  independent 
of wind direct ion.  The aggregate plume thus   re ta ins  much of  the combined 
buoyancy of  the  individual plumes.  Average  plume r i se ,   therefore ,  is 
s ign i f i can t ly  enhanced in  comparison  with that expected from rectangular 
towers  with  equivalent  heat  dissipation  requirements. 

Individual plumes in i t i a l ly   expe r i ence   r ap id  mixing  with  ambient a i r  due 
to  high  surface-to-volume  ratios. While  merging  occurs  quickly  with 
the  c lustered-cel l   design,   the   effects   of   this   or iginal   phase upon 
u l t i m a t e   r i s e   a r e   s i g n i f i c a n t .  Experimental  evidence  indicates plume 
r i s e  from round  mechanical draft towers is grea te r  than would be  expected 
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f o r  a single ce l l   bu t   l e s s   t han  would r e s u l t  from emi t t ing   the   to ta l  
towe:? e f f luen t  from an equiva len t   s ing le   o r i f ice  (Chan e t   a l . ) .  This 
is oi~viously  the  resul t   of   the   high  ini t ia l   entrainment  which reduces 
t o t a l  momentum and buoyancy. 

8 

ERT'I CWLTOWR model rep laces   the   mul t ip le  plume configuration by an 
equi'falent  single plume (ESP) which conserves   the  total   f luxes  of  mass, 
mome:ltum, moisture and buoyancy. An important  feature  of  the ESP model 
is t l e  modification  of  the  entr:ainment  rate  to  simulate  approximately 

the  :nixing o f  ambient a i r  durin:g  the  important  transit ional stage of 
plume development. Details of the ESP model follow. 

Define Xx a s   t h e  downwind d i s t a n c e   a t  which a l l   t h e   s i n g l e   c e l l  plumes 
may be considered  entirely merged, n i s  the  number of c e l l s   p e r  tower 
( i n  th i s   case ,  n 13) ,  bo is the radius   of   each  cel l ,  Bo is the   rad ius  
of the   cool ing  tower, Ro is t h e   i n i t i a l   r a d i u s   o f   t h e  ESP, Bc is the  
radius   of  a s i n g l e   c e l l  plume a t  Xc and Rc is the   rad ius   o f   the  ESP a t  

XC' 

The i n i t i a l  f luxes of  mass, momentum, moisture and  buoyancy a r e  conaerved 
i n   t h e  ESP model by the   r e l a t ion :  

Ro = r'ii bo (A-35) 

A t  X = X=, t he  summed cross-sectional  areas  of  the  multiple plumes and 
that   of   the  ESP should be the  same. This  yields:  

RC = & bc (A-36) 

whe1.e bc = (Bo - bo)/(fi - 1) 

A t  a y  X the  entrainment  of amtlient air per unit length  of  the plume is 
givtm by the  product  of  the  1oc.al plume perimeter and the   e f f ec t ive  

ent~ainment ve loc i ty .  This suggests a means f o r  modifying the  entr:iin- 
ment r a t e  i n  the  ESP model t o  :;imulate  the enhanced  mixing du r ing   i n i t i a l  
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plume r i s e .  If we assume that   the   entrainment   veloci ty  is ident ica l  i n  
both  cases ,   the   ra t io   of   the   mult icel l  plume ent ra inment   ra te   to   tha t   o f  
t h e  ESP is given by: 

A-57) 

where subscr ipt  i denotes  local  values.  The r a t i o  Fi changes from Bo/Ro 

a t  X = 0 t o  1.0 a t  X > Xc,  - 
By multiplying t h e  local  entrainment  of  the ESP model by Fi, we can 
approximately  simulate  the  corresponding  entrainment  of  the  multiple 
plume configurat ion.   This   correct ion  factor   resul ts  i n  predicted plume 
r i ses   l a rger   than   those  that would be  calculated f o r  any  one of  the 
individual plumes but  smaller than would r e s u l t  for a plume emerging 
i n i t i a l l y  from a single   "equivalent"   c i rcular   cel l   having  the same t o t a l  
f luxes of mass, moisture, momentum and  buoyancy. The assumptions  incorporated 
i n  the   mul t ice l l   adapta t ion   of  COOLTOWR are considered  to  produce  conservative 
estimates  of plume rise and thus  the  extent  of  obscuration due to   s a tu ra t ed  
plumes f o r   t h e  round  mechanical draf t   des ign .  

(A) 1.6 Simulation  of Downwash 

During strong  crosswinds, downwash of  cooling tower  plumes in to   t he  low 
pressure  area of the  tower wake occurs ,   un less   the   in i t ia l   ver t ica l  
momentum of   the   e f f luent  is su f f i c i en t   t o   ca r ry  it beyond the  inf luence 
of   th i s   e f fec t .  Natural draft  towers  normally  release plumes a t   h e i g h t s  
of  400 t o  500 f ee t .   m i l e   t he   d i ame te r s  of  such towers a r e   a l so   l a rge ,  
presenting a subs tan t ia l   obs tac le   to   the   loca l  wind, the  exhaust  height 
is normally suff ic ient   to   preclude  impacts   a t  t h e  ground. COOLTOWR uses 
a scheme develop& by Overcamp and Holt  to  simulate downwash due  to 
natural d r a f t  towers. 

9 

The cr i te r ion   for   the   occur rence   o f  downwash suggested by Overcamp and 
Hoult f o r  Froude number (Fr) less than 3 . 0  is:  9 
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Wo/u < 0.45(Fr) 2/3 

where 

W is plume ex i t   ve loc i ty ,  

u is mean wind speed a t  plume release  height ,  and 

0 

- 

F r  is plume Froude number = f Bog To - Te 

T is plume exi t   temperatwe,  and 

Te is ambient a i r   t emperacne  

TO 

0 

For the natural draf t   towers   in   th i s   s tudy ,  a typ ica l  Froude number i s  

0.6. Using an average  exi t   vel t~ci ty   of  4.0 m/sec. a t y p i c a l   c r i t i c a l  
wind speed for   the   onse t  of  dowwash i s  12.4 m/sec o r  27 .7  mph. 

If the  above c r i t e r i o n  i s  satis .Eied,  the  effective  emission  height of 
11 the  tower i s  lowered accorddg to the  following  expression: 

rl w 
Ha = H + 4.0 (+ -0.45 (Fr)  2/3) BO (A-39) 

II c 

where H is the  effective  emission  height and H is the  tower height.  

1 
The downwash c r i t e r i o n   f o r  round mechanical d r a f t  towers is given by 

Equation (A-38) . A  t reatment   s imilar   to  that fo r   na tu ra l   d ra f t   r a the r  than 
- .  conventional  mechanical d r a f t  towers   appears   just i f ied  in  view  of  la'boratory 

modeling  experiments  (e.g., Kennedy a d  Fordyce). 
10 

m# 

For the  proposed  round  mechanical d r a f t  tower plume,  a typical  Froud.3 

numb'sr i s  about 2 . 5 .  Since  the  exi t   veloci ty  Wo i s  known (9.6 m/sec), I 
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t h e   c r i t i c a l  wind speed fo r   t he  onset of downwash implied by Equation 
(A-38)is 11.7 m/sec o r  approximately 26 mph. This is consistent  with 
results  of  water  tank  experiments  conducted by  Kennedy and Fordyce t o  
t e s t   r ec i r cu la t ion  and interference  propert ies  of  round and rectangular 
mechanical d r a f t  towers.  For  Froude number i n  the   v ic in i ty   o f  2.5 (as 
defined  above),   the  recirculation  factor  (fraction  of plume trapped i n  
t h e  tower wake) began t o  rise s ign i f i can t ly   fo r   ve loc i ty   r a t io s   l e s s  
than about 1.0 with  the round t o w e r  design. 

10 

I t  has been observed that rectangular mechanical d r a f t  towers  frequently 
experience downwash which br ings  the plume to   t he  ground. For this   type 
of  tower, t he  COOLTOWR model incorporates a modification  of  the  procedure 
suggested by Briggs and found val id   for   rectangular  mechanical d r a f t  
towers by Hand! The c r i t e r i o n  used i s  presented below. 

No/? e .375(H/bo) + 1.5 (A-40) 

where ii. = u + 5.0 cos e - 
In   the  above equation for  7, e represents  the  angle between the  wind 
vector and the  long  axis  of  the  towers. Thus, t h e   c r i t i c a l  wind speed 
is allowed to   increase  from the  critical wind speed  defined by Briggs' 
equation when the  wind is perpendicular  to  the  long  axis  of  the tower t o  
a value 5.0 m/sec grea ter  when the  wind is p a r a l l e l   t o   t h e  long ax is   o f  
t h e  tower. For the  towers  under  consideration  here,  the critical wind 
speed var ies  from 4.7  m/sec (10.5 mph) t o  9.1 m/sec (21.9 mph). 

when the downwash c r i t e r i o n  is s a t i s f i e d   f o r  round and rectangular 
sechanical  draft   tower,  CCOLlUWR lowers the  plume centerline t o  S meters 
(one integrat ion  s tep)  below the  ground, the  plume remains there  until 
the  end of  the  tower's wake is reached, and then  the plume is allowed t o  
r i s e .  The length  of t h e  tower ' s  wake is determined from a t a b l e   a f t e r  
EvansJ2  Although the  above  procedure is an a r t i f i c i a l  way t o  account f o r  
t h e  effects   of  downwash (as   a re  a l l  cooling tower downwash models), 
CCOLTOWR has been calibrated  using  the  l imited  observational  data  available 
for  fogging  distance  (e.g.. Hanna). 11 

P 
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ADDENDUM B 
DESCRIPTION  OF 1HE COOLING TOWER  DRIFT  MODEL 
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ADDENDUM B 

(8) 1.0 DESCRIPTTON OF THE COOLING TOWER [)RIFT "ODEL 

Drift consis ts   of   l iquid drop1c:ts borne  out  of  the  cooling tower  wi-th 
the  vapor plume. The d rop le t s   a r e  produced  mechanically by the  spraying 
and,'or splashing  of  the  circulating  water on surfaces  within  the tower. 
Breaking up the   coolan t   in to   d rople t s   increases  t h e  surface-to-volume 
rat:.o,' increasing  the evaporat:.ve hea t   t ransfer .  As the  air  moves 
upward through  the  cooling towctr packing,  unevaporated  droplets  can be 
ent::ained, ca r r i ed   a lo f t   ou t  of the  tower, and eventually  deposited on 

the  ground. 

The d r i f t  r a t e  of  an  evaporative  cooling  tower i s  normally  characterized 
i n  ':erms of a percentage  of  the  circulating  water  flow rate. Eff ic ien t  
e lbnina tors   reduce   the   to ta l   mount  of  d r i f t  by removing the   l a rge r  
dro :? le t s .   thus   a l te r ing   the   mas-s ize   d i s t r ibu t ion  of  t h e   d r i f t .  

While condensation  products  such  as  cooling tower  fog are  reasonably  pure  water, 

d r i € t   d r o p l e t s  have  the chemic:il  composition  of the  cooling  water. 
Thrmgh  evaporation and the  addi t ion  of  makeup water,   dissolved  solid 
con:entrations  higher  than  those  characteristic of the  source  water  are 
found in the  c i rcu la t ing   water   a f te r  a few cycles through  the  condensers. 
Chenicals  present i n  the  circulating  water  can  then  be  deposited by the  
d r i f t  over the area  adjacent t 2  t he  towers. Drift i s  c a r r i e d   a l o f t   i n  
t he  plume as  long  as i t s  v e r t i c a l  motion is grea te r   than   the   se t t l ing  
ve loc i ty  of  the   d rople t s .   Se t t l ing   ve loc i ty  is primari ly   detemined by 
drop  diameter. As the  d r i f t  d rople t s  fa l l  out  of  the  saturated plume 
they  begin  to  evaporate,  decrease i n  diameter  and,  therefore,  decrease 
t h e i r   f a l l   v e l o c i t y .  An increase of the  concentration  of  dissolved 
s o l i d s  i n  the  droplets  occurs  simultaneously  with the i r  evaporative 
shrinking. 



ERT's cooling  tower d r i f t   depos i t i on  model DEPOT was employed to   es t imate  
seasonal and annual  deposit ion  rates  at tr ibutable  to  the  cooling  towers 
o f  the  Hat Creek Project. The d r i f t  model ca lcu la tes   depos i t ion   ra tes ,  
using  information on the  cooling tower plume and d r i f t   c h a r a c t e r i s t i c s ,  
a t   s p e c i f i e d  downwind dis tances .  The deposi t ions  are  assumed t o  be 
spread  uniformly  over a 22.5 degree  sector.  The f ina l   depos i t ion  
es t imates   resu l t  from t h ree   d i f f e ren t  components,  namely, the  contribu- 
t ions  of  aerodynamic downwash, and of drople t s  less than 250 m diameter, 
and of  those greater than 250 pm. Each of  these  three  contributions is 
calculated  separately.  

( B ) l . l  Model Inputs 

Input  data  to  the model are  the  meteorological  conditions,  the  corresponding 
plume parameters, and t h e  d r i f t  emission  character is t ics .  The meteorological 
condi t ions  for   the time period  under  consideration  are  classified  into 
d iscre te   ca tegor ies  o f  wind speed and relative  humidity.  Hourly  observations 
a re   sor ted  by computer to  obtain  the  joint   frequency  of  occurrence  of 
a l l   p o s s i b l e  combination3  of wind speed and relat ive  humidi ty   used  in  
the.calculat ions.  A representa t ive  wind speed and a re la t ive  humidi ty  
a re   s e l ec t ed   fo r  -each  group, and used i n   t h e  plume r i s e  model t o   o b t a i n  
the  behavior  of plumes occurring  under  these  conditions. 

The inputs  from the  plume model to   the  dr i f t ,model   are   the  fol lowing:  

'm = H + L- = Maximum plume rise re fe r r ed   t o   t he  ground 
(Here H is the  tower height and L- i s  t h e  
maximtnn plume r i s e  above the  tower).  

xm - horizontal   d is tance downwind of the  tower a t  which z- i s  
reached, 

tm = t r ave l  time o f   t he   d r i f t   d rops  from x = 0 t o  x = x 

bm = radius   of   the  plume a t  xm. 
m '  
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The spectrum  of d r i f t   d r o p l e t s  i s  divided  into 5 t o  10 groups,  depending 
011 i n i t i a l  drop  sizes. A representa t ive   d rople t   s ize  (d) and a f r ac t ion  
(€) of   t o t a l  mass are  assigned  to  each group t o  approximate  the  character- 
i : i t i c s  of the  continuous  distribution  present i n  t h e   d r i f t .  The deposi t ion 
r:rt.es obtained from the  mode:. are  highly  dependent on drop  size.  Therefore, 
t he   g rea t e s t   f ea s ib l e  number of  groups is considered,  depending upon 
the   ac tua l   d i s t r ibu t ion  and computational  capabilities. The tota.1 mass 
d:?ift  rate  (in  kilograms  per  hour) is determined  from  the d r i f t   e l imina to r  
e.tficiency  (expressed  usually  as a percentage  of   c i rculat ing wate:r flow 
r a t e )  . 

(3) 1 . 2  Downwash 

A::l par t ic le   s izes   a re   inc luded  i n  t h e  downwash calculat ions.  Downwash 
occurs whenever the  wind speed  exceeds a spec i f i c   c r i t i ca l   va lue .  The 
e:itimation of  t h e   c r i t i c a l  wind speed  corresponding  to a pa r t i cu la r  
tower  design is based on t h e  re la t ionships   given i n  Section (A )1 .6 .  

The calculat ion  procedure  for  downwash i s  as follows. 

The drif t   concentrat ions  a t   r ipecif ied  horizontal   d is tance  increments   are  
obtained by the  so-called  'sector  average'  formula,  Equation ( B - l : l .  

This equation assumes concentrations  spread  over a 22 .5  degree  sector  
and eva lua ted   a t  downwind dizitances  of 2, 4,  6 ,  8 ,  10, 16, and 20 tower 
httights. Downwash i s  assumed t o  be negl ig ib le  beyond a dis tance of 20 

tower heights.  The concentrations (x in g m-3) are  given by: 
/ 

x = J~ 2 .  ue az L exp (- (B-I:I 

In the above, 

Q = t o t a l   d r i f t  (g 5 - l )  

Ue = wind speed a t  tower  height (m s-') 

z = H + z = e f fec t ive  plume height ( m ) ,  where z i s  the  plume rise e 
up to   t he   d i s t ance  (x) under  consideration, 



L = a length   un i t   subs t i tu ted  for /% u . t h i s  is equal  to  the 
arc   length of  t he  2 2 . 5  degree  sector   a t  xm. 

Y’ 

uz = an artificial vertical s tab i l i ty   fac tor   se lec ted   to   s imula te  
large  eddies formed i n  the  wake of   the tower  complex. 
Turner stabi l i ty   c lasses   (see  Turner ,  ) and the   cor res -  
ponding uz values   are   used,   as  shown below. 

2 

TABLE (E)  - I  

TURNER STABILITY  CLASSES FOR DETERMINING 
VERTICAL  DIFFUSION COEFFICIENT (Oz) IN DOWNWASH MODEL 

Distance 2H 4H 6H 8H 10H 1 6 H  2 OH 

S t a b i l i t y  Class A $A+B) B B B C D 

Depositions  (0 i n  g m s ) are   ca lcu la ted  from the   re la t ionship  -2  -1 

x’d (8-21 

where Vd is the  deposi t ion  veloci ty  (m s-’), obtained by taking a 
weighted  average of the   sa tura ted-drople t   fa l l   ve loc i t ies  (Vfs) over  the 
range of  droplet   sizes  considered. Ihe fa l l  ve loc i t i e s  used i n  t h i s  
model were taken from the  monograph by Hosler e t   a l .  3 

For some situations  involving mechanical draft   towers,  an addi t ional  
downwash contribution due to   r ec i r cu la t ion  is included.  Information on 
this phenomenon i s  rare .  The contr ibut ions  for   ground-level   dr i f t  
concentrations were estimated from diagrams  given by  Chan e t  al.4 The recir- 
cula t ion   e f fec ts  were assumed t o  be neg l ig ib l e   a t   d i s t ances  beyond JH. 

(8)l.Z  Dispersion  of Small Droplets 

Desposition  of  droplets  of  less  than 250 wn s i z e  is calculated by the 
mechanisms of f ree  fa l l  and eddy diffusion.  The calculation  procedure 



ou t l ine  below i s  repeated  for  every  combination  of  drop  size (d < 250 pm), 
ambient re la t ive  humidi ty   [$e) ,  and wind speed [ U e ) .  Addi t iona l   d r i f t  
parameters   used   a re   the   in i t ia l  fa l l  veloci ty   of   the   drops (V ),  and 
t h e  time (t,) requi red   for   the   d rople t   to   evapora te  enough t o  form i t  

sa tura ted   so lu t ion  o f  t he   d i s so lved   s a l t s .  The time tS i s  a function  of 
t h e   i n i t i a l  drop  s ize  and  ambient relative  humidity.  

fo  

The center   o f   g rav i ty   ax is   o f  t h e  small drops   r ' e la t ive   to , the  plume (or 

t h e  ground) is calculated  for   each downwind d is tance  (x) s ta r t ing   wi th  
x The ef fec t ive   d rople t   he ight  (2,) a t  xm is ca l cu la t ed   a s  m' 

Zd = z - Wd ' tm m 

where w is the  v e r t i c a l  component 

For x - < xm, t h e   l a t t e r  is computed 
d 

wd a Vfo - k * - tm 
tS 

('If0 

of  t he   ve loc i ty   o f   t he   r i s ing   d rop le t s .  

a s  

- vfs) 

The . ra lue  of   the  coeff ic ient  k depends on t h e  ambient re la t ive  humidi ty  

($e),  as   fol lows (J. M. Austin,  unpublished  notes): 

For $e = 50%. k = 0.5  

$e = 70%, k = 0.25 

@e = 90%, k = 0.1 

For :: > xm, t h e  velocity wd is defined as 

(9 - ! 5 )  

The value of t he   coe f f i c i en t  c c!epends on t h e  ambient re la t ive  humidi ty  
($e),  as follows (J. M. Austin,  unpublished  notes): 

For $e = SO%, c = 1.0 

= 70%,  c = 0.7  

= go%, c = 0.4 

@e 



In the  above, (ts - ct,) represents  the  additional  time  required  by 
"the  droplet (upon reaching xm) to  form a saturated  solution  by  evapora- 
tion.  If  the  droplet  is  not  saturated  by  the  time  it  reaches xm (i.e., 
t5 > c - tm). then  the  coordinates (xs,zs) at  which it reaches  satura- 
tion  should  be  determined as follows: 

' 'd - Wd (xs - Xml 
"e S 

u 

For x > xs, the  effective  height ze of  the  droplet  can  be  determined  by 

For x < x < x5, the  effective  heights  are  assumed  to  vary  linearly  with 
distance: 

* 
m 

I 

I 

If ts < c * tm, xs = xm  is  assumed. Thus, we  can  completely  calculate 
the  gravity axis of  the  drops as a function  of  distance  (see  Figure (B)-I). I 

The  effective  heights  of  the  center of gravity  axis  of  drift  droplets, 
computed as shown  above,  are  divided  by  the  value  of uz for D stability 
(see  Turner)'  at  the  various  distances.  Each z /u then  represents a 
point on the  abscissa of a unit normal distribution.  The  difference 
between  the  two normal c m e  values  corresponding  to any two adjacent 
points  gives  the  fraction  of mass deposited  between  them  (see  Figure 
(B)-2) .  For  example, 

I 

e z  
I 

8 

I 
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Figure  (B)-1 Schematic Representation of Drift  Droplet Behavior Relative  to 
Cooling Tower Vapor Plume Trajectory 
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Deposition  between 
B and C = * T I  B] - * [ $ I  cl x I e of   droplets  

under  considera- 
tion 

z 

, z  

:c ( t o t a l  mass) (B-10) 

whe!te denotes   the   un i t  normal d i s t r ibu t ion .  A depos i t ion   per   un i t  
area i s  then  obtained by dividftng the   depos i t ion   ca lcu la ted  i n  Equation 
(B-:.O) by the   a r ea  between B and C (assuming a 22.5 degree  sector 
dowwind  of the  tower) .  

(B): . .4  Depositions  of  Large D:'ops 

The larger   drops (d > 250 urn) a r e  assumed t o  be  too  large  to   be  effect ively 
dispersed by atmospheric  turbu:lence. These drops fa l l  out   of   the  plume 
wi thou t   t he   bene f i t   o f   t he   fu l l  plume rise. 'Ihe t r a j e c t o r i e s  of these  
drops  are   calculated  to   determine  the  points   a t  which t h e y   h i t   t h e  
ground. The fo l lowing   ca lcu lar ions   a re  made f o r  each  combination  of d 
250 m, wind speed (Ue). and re la t ive   humidi ty  ($e). The ve loc i ty  (V ) 

of .:he d r o p   r e l a t i v e   t o   t h e  plume is ca lcu la ted  as 

- 

dP 

bm Vd* = Vf0 - ue - 
xm 

(B-11)  

The d is tance  (x,) a t  which the  large  drop falls  out  of  the plume is then 
giv8.n by 

Xf - Ue' iJ- bo 

dP 
(8-12) 

whe:re b i s  t h e  plume i n i t i a l  :radius. The ef fec t ive   he ight  (2,) a t  
whi,:h the  drop  leaves  the plum~s i s  approximated  by  the  relationship 

0 



Once the drop  has l e f t   t h e  plume, it is assumed to   evapora te   a t   ra tes  
corresponding  to  the  relative  humidity, similar to  the  computational 
procedure  for  the  smaller  drops. 

For 0 < t - < tS, the  drop is assumed t o   f a l l   a t  a  velocity  of 

1 /2 (VfO + VfS) .  For t tS, we a s m e s  Vf = V f s .  The t o t a l  time (T) 
f o r   t h e  drop t o  fa l l  i s  then  calculated as 

(B-14) 

The point  of  impact on t h e  pound (xi) is found  from 

x  i = U e ' T + X  f (B-15) 

If the  drop  does  not  evaporate  to a saturated so lu t ion  its v e l o c i t y   a t  
impact (Vfi) can be calculated assuming a l inear   decrease  of   veloci ty  
with  height: 

Th ,e t o t a l   t i n e  (T) f o r   t h e  drop t o  fa l l  under  thes 
leaving  the plume, i s  then 

T = 2 Z f / ( V f i  + Vf0) 

CB-16) 

;e   condi t ions ,   a f te r  

(8-17) 

The point   of  impact on the  ground (x ) i s  again  given by Equation (8-15). i 
The points   of  impact a r e  found f o r  every  large  drop,  for  a  specified 
combination of  re la t ive  humidi ty  and wind speed ,   a s   i l l u s t r a t ed   i n  
Figure (B)-3. 

The mass of  the  drops is spread  proportionately between t h e  impact 
points,   again assuming  a 22.5 degree  sector  for  lateral   dimensions  (see 
Figure (B) -4) . 

(a) -10 
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The deposit ion from the  three  categories  of  computations, namely, the  

dow.?wash, the.  small drople t s ,  ;and t h e  large drops  are  combined to   g ive  
t h e  to t a l   depos i t i on   fo r  each  combination  of re la t ive  humidi ty  and wind 
spe(?d. 

The r e s u l t i n g   a r r a y s   a r e  weighxed according  to  the  frequencies  of  occurrence 
of ::hese combinations from t he  observed  meteorological  data,  thus  producing 
finzrl, arrays  of   deposi t ion  for   the time period.under  consideration. 

( B ) l . S  Calculation of Drift due  to  Multiple Towers 

The combined impact of two o r  ulore cooling  towers  can be assessed by 
considering  the geometry  involved i n  the  spreading and subsequent  intersection 
o f   t he i r  plumes. The to t a l   d r i f t   depos i t i on   t hen  depends upon the  
relative  spacing  of  the  towers and the  wind d i rec t ion .  The combined 
deposit ion i s  based upon t h e   d r i f t   c a l c u l a t i o n s   f o r  one  tower. Monthly, 
seasonal and annual  deposition  due  to  several  towers can,  be calculated 
as   descr ibed below. 

A 22.5 degree  section  subtending  the  tower  farthest upwind i n t e r s e c t s  
the.   :orresponding  section  of, the next adjacent tower a t  a downwind 
d is t .mce  from t h e  first. given ' ~ y  the  following  equation: 

x1 = S c 0 s . u  + (S s i n  u - d - P S cos u)/2P (B-18) 

wher$o: 

XI = downwind dis tance (mertsured from the  center  o f  the  upwind 

tower) 

S ,= dis tance  between the  towers 

u = angle  of mean wind vector   with  respect   to  t h e  north-south axis 

d = diameter  of  the  top of: the  tower 

P = t an  r/16 (22.5 degree wind d i r ec t ion   s ec to r ]  

(B) -13 



Similar ly ,   the  downwind dis tance where the  plume of the  f irst  tower 
meets t h e  plumes of  any  of  the  others may be  calculated  using  Equation 

( 8 - 1 8 )  by multiplying S ( the  dis tance between  towers) by (n-1) to   ob ta in  
the   t o t a l   d i s t ance  between the  n towers. 

In general,  then, 

= (a-1) S COS u + [(n-1) S s in  u d P(n-1) S cos  0]/2p 

where the  previous  def ini t ions  apply and n = number of  towers. 

The t o t a l  d r i f t  deposi t ion is carculated by a weighted  average  of 
d r i f t  due t o  each  tower. If the receptor ' s  downwind dis tance is l e s s  

than  the  dis tance where t h e  first intersection of plumes occurs (X 5 X1) 
the  total  d r i f t  is due to   t he  f i rs t  tower only (D(X) = D1(X). Where X 

i s  between the   i n t e r sec t ion   o f   t he  first and second and t h e  first and 
th i rd  plumes (X1 C X - < X i )  the   to ta l   depos i t ion   ca lcu la ted  by; 

D ( X l  = 
X Dl(X) (X - 2P S COS U )  D2(X) 

x + s s i n u - P s c o s u  

where previous  definit ions  apply and; 

X = 2PX + d. 

Three plumes a r e  involved a t  downwind dis tances  between t h e   i n t e r -  
sect ions  of   the  first and t h i r d  and first and four th  plumes (Xt < X 5 Xj] 

t h e  equation  then becomes 

(8)-14 



In general 

The irift depos i t ion   ra tes  D (XI through D n ( X )  can  be calculated  as  

D [X-(n-l) S cos a] by interpolat ion.   s ince  the downwind component of 
dist.ance between the  towers is [n-1) S s i n  u. Note t h a t  a t   l a r g e  down- 
wind dis tances ,  D(X) approaches Dl + D2 + ..... Dn, as  expected. 

2 

1 

By repeat ing  the above ca lcu la t ions  a t  every X, and for  every wind 
d i r e c t i o n ,   t h e   d r i f t   d i s t r i b u t i o n  due t o  a l l  the  towers  can  be  calcu.tated. 

(B)1.6 Drift Charac te r i s t ics  Assumed f o r  Model Input 

A to ta l   c i rcu la t ing   water   f low  ra te   o f  40,370 Is-1 (640,000 USGPM) was 

assunled f o r  each  cooling tower  system ( tha t  is, 10,090 1s-I (160,000 USGPM) 
per tower for  four-tower  systems and 20,180 1s-' (320,000 USGPM) f o r  
two-tower system). Makeup water for   the   cool ing  system i s  t o   b e  pumped 
t o  tfie s i t e  from t h e  Thompson River. 

On t h e  basis of data provided by Ebasco Services  Incorporated, a t o t a l  
dissolved  sol ids   concentrat ion o€  115 mg/liter  (see  Table (8)-2) has 
been assumed for  the  source  water.  The concentrat ions  presented  in   the 

table  are  considered  to  be  quite  conservative,  more representative  of 
worst-case  than  annual  average  values. The  recommended rec i rcu la t ion  
f ac to r  i s  14.0. A d r i f t  mass emission rate of  1.23  gjsecjtower  for t.he 

four-tower  systems and 2.46  g/sec:jtower fo r   t he  two-tower  system. cor -  
respo:lding to   t he  above  assumptions, was used i n  computing surface d r i f t  

deposi t ion  ra tes .  These va lues   re f lec t   the   spec i f ica t ions   o f   e l imina tors  
designed t o  limit d r i f t   t o  0.008'i of   the   c i rcu la t ing  water flow. The 
spect;um of  d r i f t   d r o p l e t   s i r e s  was divided  according  to six categories .  
A rep~esentat ive  drop  diameter  and corresponding  fraction of  t o t a l   d r i f t  
mass vas  assigned  to  each  cat3gory. The mass-size d i s t r ibu t ion  assumed 
i n  tho  deposi t ion  calculat ions performed f o r  th i s   s tudy  i s  indicated i n  
Table (B) -3 .  
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TABLE (8) - 2 

SOURCE WATER PROPERTIES~ 
(Assumed f o r   a l l  tower designs) 

Bicarbonate (HC03) 
Sulfate (SO4) 
Chloride ( a )  
Nitrate (NO3) 
Si l i ca  (SiOz) 
Hardness (CaC03) 
Calcium (Ca) 
Magnesium ( W  

Sodium ( W  

Total  organic carbon 
Dissolved  solids 
Suspended sol ids  
Total so l ids  

PH 

57 mg/l 
13 

7 

0.2 
4 

42 
13 
2 
13 

6 

109 
6 

115 mg/l 
7 . 5  

TABLE (8)-3 

ASSUMED COOLING TOWER DRIFT MASS-SIZE  DISTRIBUTION^ 

so 
7s 

150 
27s 
47s 
600 

Fraction o f  Drift Mass 

0.40 
0.24 
0.10 
0.07 

0.09 
0.10 

'Data provided by INTEG/EBASCO. 

(B)-16 



(B) 2.0 REFERENCES 

1. Hanna, S .  R. and S. G: Perry. 1973. Meteorological  Effects  of  the 
Mechanical Draft Cooling Towers of  the Oak Ridge  Gaseous Diffusion 
P l a n t .  NOAA, ATOL Contribution No. 86. Oak Ridge, Tenn. 

2 .  Turner, D. B. 1970. Workbook of  Atmospheric Diffusion  Estimates. 
United S ta t e s  Department HEW. Public  Health  Service. NAF'CA. 
Cinncinnati, Ohio. 

3. Hosler, C . ,  J. Pena and R. Pena.  1972.  Determination  of  Salt: 
Deposition  Rates from Evaporative  Cooling Towers. The Pennsylvania 
State   Universi ty  Department of Meteorology. 

4. Chan, T. L. e t   a l .  1974. Plume Recirculation and In te r fe rence   in  
Mechanical Draft  Cooling Towers. Iowa I n s t i t u t e   o f  Hydraulic  Research 
No. 160. University  of Iowa. 

" 

(B) -17 



ADDENDUM C 

SELECTION OF METEOROLOGICAL DATA 



ADDENDUM C 

( C ) 1  .O SELECTION OF METEOROLOGICAL DATA 

(C):. .l Meteorological Data for Atmospheric Effects  

The meteorological  variables o f  concern i n  the   ana lys i s   o f   v i s ib le  

plmies  are wind speed and direction,  temperature,   relative  humidity,  and 
atmospheric  stability.  Analysis  of  local  meteorological  data  provides a 

ra t ional   basis   for   choosing a representat ive  subset  from the   vas t  number 
of  possible  combinations  of  these  parameters. ?he COOLTOWR model i:; 

applied,  using  each set of  the  selected  weather  conditions  to  determine 
the  corresponding  visible plume length, and to  determine  whether and a t  
what distances  ground-level  effects  i .e.,   icing  and/or  fogging, wil:! 
occur.   Meteorological  statist ics  appropriate  to  the  period  of  interest  

(mor.th, season, or   year)   are   incorporated i n  the  analysi ,s   to   generate  
frequency  distributions  of  fogging,  icing, and v i s i b l e  plume lengths i n  
the  vicini ty   of   the   towers .  The months associated  with  each  season are 
as  follows: 

Season Months 

Winter December, January,  February 

Spring %arch, A p r i l ,  May 
Summer June, July,  August 

Autumn’ September,  October, November 

Weather da t a  used i n   t h e   v i s i b l s  plume analysis   consis t  of  hourly  &face 
ObseNations  recorded  during  th.?  network of mechanical weather s t a t ions  
depl3yed i n   t h e   v i c i n i t y  of  t he  proposed s i t e .   S t a t i o n  #7. t he  Harry 
Lake Stat ion,  was considered mo:st representa t ive  of cond i t ions   a t   t he  
location  of  the  cooling  towers. whenever da t a  were miss ing   for   th i s  
s ta t , ion,   values  from the   next  most r ep resen ta t ive   s t a t ion  (as determined 
f o r  leach var iab le  by correlat ion  analyses)  were subst i tuted  to   devel3p a 

f u l l  annual set of meteorological  parameters  required f a r  input   to  t h e  



. 

cooling tower analysis.  Longer data   records  exis t   for  Atmospheric 
Environment of Canada Weather Stations  (e.g., Kamloops, Lytton, and 
Ashcroft). However, the   d i s tances   o f   these   s ta t ions  from the  Hat Creek 
Project  area and the   i r regular  topography which characterizes  south-Central 
Br i t i sh  Columbia reduce  the  representativeness  of such data s e t s   f o r  
purposes  of  the  present  cooling tower impact analysis.  Consequently, 
weather statistics used in this study were developed from 1975 on-si te  
observations. I t  is recognized that data f o r  a single  year do not 
r e f l e c t   t h e  fu l l  range  of  meteorological  si tuations  l ikely  to be encountered 
a t  t h e   s i t e .  As data from the  long-term  meteorological  monitoring 
program becomes available,   the  "representativeness" of the  1975  measurements 
can  be more ful ly   invest igated.  

Use of surface  observations imposes the requirement that ce r t a in  assumptions 
be made regarding  vertical  profits of  temperature, winds, and humidity 
through  the first sevsral  hundred  meters  above the cooling  towers. 
Ideally,  meteorological  input  to  the plume simulation model  would be 
derived from a d a t a   s e t  comprised of measurements  taken a t   va r ious  
heights   for  more precise   def ini t ion  of  t h e  ver t ica l   var ia t ions   o f   per t inent  
parameters.  Careful  consideration has been  given i n  the   se lec t ion  of  
assumptions  regarding ver t ica l   p rof i les   to   ensure   tha t ,  whenever possible,  
such  approximations  lead to  conservative  estimates  (overpredictions)  of 
atmospheric effects  associated  with  cooling tower  plumes. 

An analysis  of the  meteorological  data was performed to   de f ine  
extreme  values  of  temperature, wind speed, and relat ive  humidi ty   l ikely 
t o  occur a t  the  Hat Creek s i t e .  The range of  possible   values   for  each 
parameter w a s  subsequently  divided  into  sub-ranges. The select ion  of  
the  meteorological  classes was achieved  with  cognizance  of  the  senci- 
t i v i t y  of  moist plume behavior  to small changes i n  the  value  of  each 
parameter.  For example, g rea te r   reso lu t ion  is necessary a t  the  upper 
end of  the  humidity  spectrum than a t  lower levels.   Similarly,  tempera- 
t u r e  categories  corresponding  to  colder  temperatures must apply  to 
smaller   intervals   than  those  for  wanner conditions. 



II 

Five wind speed c lasses ,   f ive   re la t ive   humidi ty   c lasses ,  and f i v e  te!mperature 

c lasses  were selected i n  t h i s  manner from the  data. Observed frequencies 

of  occurrence were considered i n  choosing  representative  values  for each 
c l a s s   t o  be used as input   to   the  COOLTOWR model. Table ( C ) - 1  ind ica tes  
t h e   c l a s s  limits and corresponding  representative  values  for wind speed, 
r e l a t i v e  humidity, and temperatlre. 

Any Jf  t h e  16  compass direction:;  can  be  expressed  as one of   e ight  
possible  angles between 0' and !30° r e l a t i v e   t o  a row of  towers. Due t o  

t h e  .?reviously  noted  dependence  of plume behavior upon wind d i rec t ion ,  
it i s  necessary  to  apply  the COOLTOWR model f o r  each  combination of  wind 
speed, r e l a t i v e  wind direction,  temperature, and relat ive  humidi ty  - a 
t o t a l  of 1000 separate weather  c:onditions. One entire s e t  of  these 
ca lcu la t ions  was performed using  the  assumption  of  near-neutral  annos- 
pher:.c s t a b i l i t y  i n  t he  plume ri.se layer;  another  complete  series of 
runs was made f o r   s t a b l e   s t r a t i f i c a t i o n   r e s u l t i n g  i n  a to ta l   o f  2000 

case!;. Unstable  cases, which oc,cur re la t ive ly   in f requent ly ,  were not 
trea1:ed  separately.  Unstable  ccnditions are normally  characterized by 
low  wind speeds,   strong  solar  heating, and low surface  humidities; p1.ume 
rise and d ispers ion   a re  enhanced i n  such  circumstances. The decis ion,  
t h e m f o r e ,   t o  assign a s t a b i l i t y  of e i the r   neu t r a l  o r  s t a b l e   t o   a l l  

hours, is conservative from the  s tandpoint   of   predict ing  vis ible  plume 
length. 

The categorizat ion  of   a tmospheric   s tabi l i ty   as   e i ther  neutral o r   s t ab le  
f o r  each  hour  of  the  data  record was accomplished from the  observations 
of wind speed,  cloud  cover, and incoming so la r   r ad ia t ion  in  the  manner 
suggested by Turner,  modified fo:r spec i f i c   app l i ca t ion   t o   t he  Harry Lake 
s i t e .  A s t a b i l i t y   t y p i n g  scheme which incorporated  the  effects  of t he  
rura l   na ture  o f  the   a rea  and the  ruggedness  of t h e  t e r r a i n  was devehped. 
Af t e r loon   s t ab i l i t i e s  on days which were characterized by s t rong  isolat ion 

and l i g h t   t o  moderate wind speed:; were designated  as  unstable.  Periods 

1 



TABLE (C) -1 

CLASSIFICATION OF SURFACE WIND SPEED, RELATIVE HUMIDITI, AND 

TEMPERATURE CATEGORIES FOR VISIBLE PLUME MALYSIS 

Class 
Range 

Wind Speed (mps) 

1 2 3 4' 5. 

e2.0 2.1-4.2 4.3-7.0 7.1-9.6 9.7+ - 
Representative 

Value 0.9 3.1 5.6  8.5 11.6 

Relative Humidity (%) 

Class 1 2 3 4 5 

Range 0-50 51-70 71-82 83-93 94+ 
Representative 

Value so 60  76 88 96 

Temperature ('C) 

Class 1 2 3 4 5 

Range - < -12.2 
Representative 

>21.3 10.4t021.3 -0.9to10.3 -12.lto-1.0 

Value -15.0 -6.7 4 . 4  15.6 26.7 

'Round Mechanical Draft Towers only 
To ensure  a  representative wind speed f o r  which downwash will occur 

were made t o  wind speed c l a s ses  4 and 5 :  
for t h e  Round Mechanical Draft  Towers, the  following  modifications 

Class 4 5 

Representative 
Value  8.9  15.6 

L 
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- 
o f  overcast   skies  and/or  strong wind speeds were considered  to be neut ra l .  
Finally,   night and ea r ly  morning  hours which  were characterized by c l e a r  
sk ies  and low  wind speeds were -1assif ied as s t ab le .  I 

rl As s t a t ed  above, c e r t a i n  assumptions were necessary  regarding  the  specif icat ion 

of  v z t i c a l  temperature, wind,  .md humidity  profiles.  Since  near- 
neutral conditions  occur most Frequently, a temperature  lapse  rate  near 
t he  1:limatological mean ( -O.SoC,U0O m) was considered  appropriate  for 
t h e w  cases. A more nearly  isothermal  temperature  structure (-O.loC/10O 
m) w:is used i n  plume ca lcu la t ions   for   s tab le   condi t ions .  To lend  conservatism 
t o   t h e   c a l c u l a t i o n s  and t o  simu:.ate the  normal increase of s t a b i l i t y  

= 

1 

W more than  about 300111 (1000 feet11 above the   sur face ,   the   l apse   ra tes  Ire 

halvttd  above 300 m i n   t h e  model., 

The p r o f i l e   o f  wind speed  with  height was assumed t o  follow a power :Law 
of   the form 

I 

II Basedr.on Greene,' the   value  of   the exponent ' a '  assumed for both neutral 
and s tab le   condi t ions  i s  0.14. The surface wind speed values l i s t e d   i n  
Table ( C ) - 1  were extrapolated  to  tower height  using  Equation (C-1) t a  
provide  input wind speeds t o   t h e  model. Since wind shear i s  general ly  
l e s s  pronounced 'at higher  levels  than  near  the  surface,   the  values o f  

m 

I ,the power-law exponents are   a lso  halved above 300 m. h-ofiles  of ambient 

specific  humidity were generated  internal ly  by the  model, using t h e  - assumption t h a t  relative humidity remains constant i n  the  plume rise 
layer .  

V 
The on-site  meteorological  observations were processed  to  determine 
monthly and annual  frequencies OP occurrence f o r  each of the  ZOO0 con- 

m dit ions  ( i .e . ,  8 wind d i r ec t ions  x 5 wind speeds x 5 re lat ive  humidi t ies  

x 5 tmpera tu res  x 2 s t ab i l i t y   ca t egor i e s )  assumed for   the   ind iv idua l  

1 



plume  model simulations.  Further  resolution o f  the  data was accomplished 
by calculat ing t h e  frequency  of  every  condition  associated  with  each  of 
the  16 compass wind d i rec t ions .  These joint   f requency  dis t r ibut ions 
were generated  for  each month and fo r   t he   en t i r e   yea r .  

. 

. 
( C ) l . Z  Meteorological Data f o r  Cooling Tower Drift 

Meteorological  data  used  as inputs to   the  deposi t ion model include 
hourly  values  recorded a t  Mechanical Weather Stat ion 7 (Harry Lake 
site). Missing  values were supplemented by data  from o the r   s t a t ions  
according to   correlat ion  analyses  performed f o r  each  parameter.  This i s  
the  same d a t a   s e t  used to   deve lop   s ta t i s t ics   for   the   v i s ib le  plume 
analysis.  

Meteorological  data were sorted by computer i n to  six ranges  of wind 
speed and th ree   c l a s ses   o f   r e l a t ive  humidity.  Representative  values 
were chosen f o r  each  parameter  for  use in  the  calcuIations.  Class 
limits and representative  values  of wind speed and r e l a t i v e  humidity 
chosen for   use  i n  the   d r i f t   ana lys i s   a re   p resented  i n  Table (C)-Z. 

Average j o i n t  frequencies of  occurrence were ca lcu la ted   for   the  18 
possible  combinations of wind speed and humidity.  This  process was 
repeated  for  each wind d i rec t ion  and f o r  each month, producing 192 

separate   tables  of  frequency  data. A sample set of frequencies,  comes- 
ponding to  occurrences of northwest winds i n  ,March, i s  presented i n  
Table (C) -3 .  

Five  temperature  classes were established on the  basis of  average 
monthly  temperatures f o r  1975. Months with similar average  temperatures 
were considered  together.  Table (CI-4 indicates  these  temperature 
c l a s s i f i ca t ions  and the  month(s) t o  which each  category  corresponds. 
The t o t a l  number of  combinations of wind speed, r e l a t i v e  humidity, and 
r e l a t ive  humidity  required 90 separate  applicatfons o f  t he  COOLMWR 

m 

. 

m 

. 



TABLE (C) -2 

METEOROLOGICAL PARAMETER CLASSIFICATIONS FOR DRIFT 

Relative Humidity Classes 
Relative b m i d i t v  

Class 

1 

2 

3 

Wind Speed 
Class 

Range (%) Representative Value (%) 

6 0  50 

fi0 - 80 7 0  

>SO 90 

Wind Speed Classes 

Range  (mps) Representative Value (mps) 

0 - 1.5 0 . 7  

1.6 - 3.3 
3.4 - 5.6 
5 . 7  - 8 . 2  

8 . 3  - 11.1 
11. I* 

2.5 

4.4 

6.9 

9.6 

13.7 



TABLE (C) -3 

JOINT  FREQUENCIES OF OCCURRE??CE FOR WIND  SPEED AND 
RELATIVE  HUMIDITIES FOR NORTHWEST WINDS  IN  MARCH, 1975 

Relative Humidity Class 
Wind Speed Class 1 2 3 

0.009409 0.008065 0.004322 

0.003763 0.000000 0.000000 

0.002688 0.001344 0.001344 

0.001344 0.001344 0.000000 

0.000000 0.002688 0.001344 

0.000000 0. 000000 0.000000 

'Based on data  recorded a t  Harry Lake Mechanical Weather Station 

TABLE (C) -4 

TEMPERATURE CLASSIFICATIONS 

Temperature 
Class Months Represented 

1 Nov, D e c  

2 Jan, Feb. Mar, Oct 

3 Apr,  Jun 

4 Aug 

5 May. Jul, Sep 

Temperature ('C) 
Average 

-5.7 

-0 .7  

7 . 8  

10.2 

13.7 



I 

r 

I 

model to   def ine  eff luent   behavior   for  each  weather condition. These 
cakulations  supplied  the  nece:;sary  parameters  related t o  plume t r a -  

j ec to ry  and growth f o r   i n p u t   t o   t h e   d r i f t  model. 
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