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EXPERIMENTAL DESIGN FOR A CASE STUDY OF DRIFT. 

FROM A MECHANICAL DRAFT COOLING TOWER 
N. S. Laulainen* 

ABSTRACT 

A comprehensive experimental study of d r i f t  emissions and 
downwind deposition from a mechanical d r a f t  cooling tower i s  
planned f o r  eary spring 1978. The object ive of the  experiment . 
i s  t o  develop a data base which can be used for  val idat ion of 
d r i f t  deposition models. The key aspects of the study a r e  to  
measure the charac ter i s t ics  of the d r i f t  emitted from the tower, . 

the ambient meteorological conditions responsible f o r  the t rans-  
port and dispersion of the d r i f t ,  and the downwind deposition 
and near surface a i r  concentrat ion-pat terns  of the d r i f t .  The 
source cha rac te r i s t i c s ,  including a i r  temperature and veloci ty  
profi les  a t  t h e  tower e x i t ,  and the t ransport  parameters a re  
to  be used as  inputs t o  the models, while the deposition 
patterns a r e  t o  serve as comparisons t o  the outputs of the models. 

Some prel iminary data may be avai 1 able  fo r  presentation. 

Introduction ,. ...- 

Drif t  from a cooling tower i s  defined as t h a t  component of the circula-  
t ing water which i s  entrained in the airf low as  small drople ts  and carr ied 
out beyond the tower. The d r i f t  droplets a r e  produced mechanically within 
the tower whereas t h e  v i s ib l e  plume condensate droplets a r e  created through 
cooling of the saturated tower exhaust a i r .  The d i f f e ren t i a t ion  between 
these droplet sources i s  important as the d r i f t  will contain concentrations 
of dissolved minerals and chemicals s imi lar ,  i f  not i den t i ca l ,  t o  concen- 
t ra t ions  of the c i r cu la t ing  water. Depending upon the chemicals present in 
the circulat ing water,  d r i f t  may have an adverse pffpct .  O n  t he  environment. 
Consequently, in order  to  assess environmental impact, i t  i s  important tha t  
the amount of d r i f t  and the resul t ing d i s t r ibu t ions  in the a i r  and on the 
ground be determined. 

Each cooling tower can be expected to  have a unique d r i f t  d i s t r ibut ion ,  
depending on the type and s i ze  of the uni t s  and the design of the d r i f t  
el iminators. Meteor01 ogical conditions a1 so play an important ro l e  in 
determining d r i f t  d i s t r ibu t ion .  Thus a complex model will  be required t o  
provide cooling tuwerb d r b i r t  assessment f o r  any par t icu lar  tower under the 
varied modes of i t s  operation and the range of meteorological conditions to  
which i t  will be subjected. 
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A number of models have been developed t o  s t imate  d r i f t  d i s t r i b u t i o n s ;  
ten of these models have been reviewed by Chen.y Using a common s e t  o f  inpu t  
parameters, Chen f inds  t h a t  t h e  maximum deposi t ion d i f f e r s  among t h e  models 
by two orders of magnitude w i t h  ' a  wide range i n  downwind locat ion of  peak 
deposit ion.  He concludes t h a t  no p a r t i c u l a r  model can claim s u p e r i o r i t y  over .- 

another without ve r i f i c a t i on  from f i e l d  da ta ,  e spec i a l l y  ground mineral 
deposit ion measurements. 

The most comprehensive s tudy t o  d a t e  of d r i f t  f r  m a  s i ng l e  cool ing 
tower has been the  Chalk Point  Cooling Tower Pro jec t .  - In t h i s  s tudy ,  
measurements were made of s a l t  water d r i f t  ex i t i ng  from the  natural  d r a f t  
tower, d r i f t  concentrat ions wi thin  t he  a i rborne plume and near t he  s u r f a c e  
a i r  concentration and sur face  d r i f t  deposi t ion.  Because of d r i f t  emissions 
from the  stack plume, i t  was necessary t o  conduct an experiment where 
Rhodamine-WT dye was added a s  a t r a c e r  t o  the  cooling tower c i r c u l a t i n g  water 
i n  order t o  separate d r i f t  components from the  two plumes.5 I t  i s  a n t i c i -  
pated t h a t  t h i s  study wil l  provide important f i e l d  data  t o  t e s t  va r ious  d r i f t  
deposit ion models f o r  natural  d r a f t  cooling towers. 

The objective of t he  experimental work described here i s  t o  develop a " 
' data base which can be used f o r  va l ida t ion  of d r i f t  deposit ion models f o r  

mechanical d r a f t  cooling.towers.  The key aspects  of the  proposed work a r e  t o  
' measure the  source c h a r a c t e r i s t i c s  of t he  meteorological condi t ions  respon- 

s i b l e  f o r  transport  and d i spers ion  of  t h e  cooling tower plume containing t h e  
d r i f t  component and t o  measure t h e  downwind deposi t ion and a i r  concen t ra t ions  
of d r i f t .  The source and t r a n s p o r t  parameters serve a s  inputs t o  t h e  models . 
while' t h e  deposition pa t te rn  serves. a s  a comparison t o  the  model ou tpu ts .  A 
comprehensive experimental e f f o r t  i s  planned f o r  June 1978 on mechanical 
d r a f t  cooling towers of t he  PG & E P i t t sburg  Power Plant  a t  P i t t sbu rg ,  CA. 

'N.c.J .  Chen, "A Review of Cooling Tower D r i f t  Deposition Models ," 
ORNLITM-5357, Oak Ridge Natl'onal Laboratory, Oak Ridge, .TN, June 1977, - 
96 PP*  

'6.5. Woffinden, P .  R.  Harr ison,  J .  A.  ~ n d e r s o n ,  "Airborne Monitoring 
of Cool i  ng Tower Eff luents  , Vol . 9 , Technical Summary," EPRI-EA-420/EPA 
No. 803969, Meteor01 ogy Research Inc.  , June 1977, 43 pp. 

3 ~ .  0.  ebb, G.  0. Schrecker,  D .  A.  Guild, "Dr i f t  from the  Chalk Point  
Natural Draft Brackish Water Cool ing Tower: Source Defini t ion,  Downwind 
Measurements, Transport Modeling," Environmental Systems Corporation, 

4 ~ .  H .  Meyer and W.  D .  S tanbro,  "Chalk Point  cool i n g  Tower p ro j ec t  
Final Report FY 1977,  Vol . 2 ,  Cool i ng Tower D r i f t  Dye Tracer Experiment., 
June 16 and 17, 1977," JHU PPSP-CPCTP-16, John Hopkins Universi ty,  Applied 

. . 
Physics Laboratory, Laurel , M D ,  August 1977. 

5 ~ .  H.  Meyer and W .  D .  S tanbro,  " ~ l u o r e s c e n t  Dye, A Novel Technique 
t o  Trace Cooling Tower D r i f t , "  Presented a t  4th J o i n t  Conference on t h e  
Sensing of Environmental Pol 1 u t a n t s ,  November 6-1 1 , 1977.. New Or1 eans ,  LA 
John Hopkins University, Applied Physics Lab., Laurel ,  MD 20810. 



Measurement Program 

A major deficiency i n  evaluating d r i f t  t ransport  and deposition i s  the 
lack 'of  good f i e l d  data .  As models have become more refined, the  need f o r  
more accurate measurements of .both  the source and sink terms has a l s o  grown._ 
Thus i t  i s  necessary t h a t  simultaneous measurements be made of the  mineral 
(or  other additive) concentration in the  tower basin, the r a t e s  of mineral 
mass and d r i f t  water emission and the associated d r i f t  droplet  s i z e  d i s t r i b -  
ution a t  the tower e x i t ,  the  ambient meteorological conditions t o  evaluate  
plume r i s e ,  transport  and dispersion, and the spa t ia l  d i s t r ibu t ion  of ground 
d r i f t  deposition including both mineral mass and d r i f t  droplet  s i z e  d i s t r i b -  
ution. In addition measurements of updraft wet-and-dry bulb a i r  temperature 
and updraft a i r  veloci ty  prof i les  a r e  necessary f o r  predi.cting pl ume r i s e  
and the locus of points where the d r i f t  droplets  of various s i z e s  break away 
from the temperaturelwater plume. 

Proper source measurements a re  very crucial  t o  niodel val idat ion.  .Chen 1 

finds tha t  the maximum deposition pattern and i t s  location downwind of the  
cooling tower a re  very sens i t ive  to  the mass f rac t ion  in la rger  drople ts  f o r  
a l l  present models. Reliable data fo r  t h i s  par t  of the droplet  s i z e  spectrum 
i s  d i f f i c u l t  to  ac-hieve because of poor counting s t a t i s t i c s ,  i . e . ,  there  a r e  
very few large droplets  b u t  these few can account f o r  an appreciable f r a c t i o n .  
of the total  emitted d r i f t  mass. Thus several techniques should be applied 
to  the measurement of the  droplet  emission spectrum and mineral mass f lux  t o  
provide a  necessary redundancy and t o  insure tha t  the r e su l t s  a r e  a s  accurate. 
as possible. 

. 
The effect ive d r i f t  drop1 e t  emission height ' i s  a1 so crucial  in de ter -  

mining impact distances and deposition pa t te rns  . l  Cool ing tower energet ics  
(temperature, r e l a t ive  humidity and updraft velocity p ro f i l e s ) ,  as  mentioned 
above, a re  necessary f o r  the prediction of plume r i s e ,  droplet  evaporation 
and d r i f t . d rop le t  break-away.point. Some of the discrepancies between 
various d r i f t  deposition models can be a t t r ibuted  to  d i f f e ren t  assumptions 
regarding plume cen te r l ine  height var ia t ions ,  evaporation and e f f e c t i v e  
emission height. Indeed complex c i rcu la t ions  within the plume have been 
observed which very l i k e l y  have a  d i r e c t  influence on ef fec t ive  height of 
d r i f t  emission. 

Since the amount of d r i f t  mineral t o  be measured can be expected t o  be 
small, the resul ts  of f i e l d  experiments will be sens i t ive  to  the accuracy 
and precision of the instruments and methods used. ,Nearly 100% of the d r i f t  
mass i s  presumably deposited on the ground within a  few kilometers of the 
tower. Most sampling .techniques take advantage of the cooling water 
minerals (e.g., s a l t ) , . c o o l i n g  water addi t ives  (e .g . ,  su l fu r i c  ac id ,  
chromium), or t racers  (e .g  . , Rhodamine WT dye). Chemical techniques, such 
as Son chromaLuyr.apl~y or. atolrlic absorption spectroscopy, can be used t o  
obtain quantitative measurements of various chemical species. ( e - g .  , sulfate,  
~ a + + ,  Na+) from bul k samples. . The use of sensi t ized papers, f i  1  t e r s ,  and/or 
films as collecting surfaces f o r  individual droplets ,  a1 though requir ing 
tedious analysis e f f o r t s ,  provides a  method of obtaining d r i f t  d rople t  s i ze  
dis t r ibut ions from which to t a l  d r i f t  water mass i s  calculated by simple 
i r~teyrat ion.  



When such ana lys i s  is applied t o  t h e  source measurements, t he  t o t a l  
d r i f t  water mass emitted per u n i t  t ime o r  d r i f t  r a t e  can be est imated.  More- 
over, by combining t he  t o t a l  mineral mass emission w i t h  t h e  t o t a l  d r i f t  water 
emission, a mean d r i f t  mineral concentra t ion can be computed and compared t o  
the  mineral concentration i n  t h e  basin waters .  In p r inc ip l e  these  two con- 
cen t ra t ions  should be the  same i f  no evaporation has occurred from t h e  region 
where t he  d r i f t  d rop le t s  a r e  generated t o  t h e  point where t h e  measurements 
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a r e  made near the  e x i t  plane. Discrepancies have been observed but t h e i r  
cause is  not y e t  f u l l y  appreciated.  

Similar ly ,  by combining downwind mineral mass deposi t ion and d r i f t  
water d r i f t  deposit ion the  mean d r i f t  mineral concentrat ion can be a l s o  
compared t o  basin water mineral concentra t ion and/or emitted d r i f t  mineral 
concentrat ion.  In thi 's manner, t he  amount of  d rop le t  evaporation can be 
assessed. I t  i s  possible t h a t  t h e  measured d rop l e t  s i z e  d i s t r i b u t i o n s  a s  a 
function of downwind dis tance could be used t o  ca l cu l a t e  t h e  s i z e  and posi-  
t ion  of each drople t  when i t  leaves  t h e  plume and thereby provide some . 

addi tonal-  information about. t he  break away point  a s  a funct ion o f .  d rop l e t  
s i ze .  Accurate temperature, r e l a t i v e  humidity and wind p r o f i l e s  t o  plume 
height would be required.  

Idea l ly  a s e r i e s  of sampling s t a t i o n s  located downwind and along t h e  
center1 ine  of the  plume would be s u f f i c i e n t  t o  def ine  t he  d r i f t  deposi t ion 
pat tern .  Non-ideal wind pa t t e rn s ,  non-ideal plume d i spers ion  and t he  
possible downwind obst ruct ions  emphasizes t he  need f o r  a system of downwind 
a rcs  w i t h  5 o r  more sampling s t a t i o n s  per a r c .5  Several upwind sampler s i t e s  
a r e  required t o  account f o r  ambient background l eve l s  of d r i f t  chemicals. 
Sampling periods in excess of one hour a r e  usua l ly  required t o  assure  
s u f f i c i e n t  collect.ion of d r i f t  min'eral and d rop l e t s  f o r  ana ly s i s .  To avoid 
contamination of.  the  receptors by resuspended surface  mater ia l  o r  d i s t o r t i o n  
of t h e  measured d i s t r i bu t i on  due to.competLtion from o the r  receptors  such a s  
p lan t s  and shrubs, t h e  receptor s t a t i o n s  could be e levated above t he  sur face  
by about one meter: Each receptor  s t a t i o n  should include a t  l e a s t  two l a r g e  
water s ens i t i ve  f i l t e r  papers and two l a r g e  p la in  f i l t e r  papers f o r  obta ining 
t o t a l  water dropl e t  deposit ion and t o t a l  mineral dropl e t  deposi t ion,  respec t -  
ively .  

Techniques a r e  ava i lab le  o r  a r e  being developed f o r  obta ining quan t i t a -  
t i v e  concentrat ions of s a l t  ch lo r ide )  and f luorescen t  dye i n  d rop le t s  from 
the  untreated f i l t e r  papers.& A number of water s e n s i t i v e  f i l t e r  papers a r e  
avai labl  e 6 ~ 7  evaluations of s e n s i t i v e  g e l a t i v e  coa t ings8 ,  and photographic 
f i lm ,  arid other f i l t e r  paper preparat ion techniques a r e  underway. Each 
r ecep to r , s t a t i on  should a l so  include two bulk deposi t ion sampler, e . g . ,  a  
large-area p l a s t i c  pan o r  buket which can be covered w i t h  a  t i g h t  sea l ing  

6 ~ .  Martin and F.  R .  Barker, "Some Water Droplet Measurements Ins ide  
Cooling Towers," Atmospheric Environment, - 8, 1977, 325-336. 

7 ~ .  J .  Love, "The Measurement o f  Prec ip i t a t i on  From Water Cooling 
Towers," Trans. Ins tn .  Chem. Enqrs., - 30, 1962, 246. 

8 ~ .  F. Liddel and N .  W .  !looten, "The Detection and Measurement of 
Ida t e r  Drop1 e t s , "  -- SOC. - 83, 1957 , 263-266. 



l i d ,  f o r  the  determination of t o t a l  mineral mass deposi t ion using s tandard,  
high s e n s i t i v i t y  ana ly t ica l  chemical methods. 

Near surface a i r  concentra t ions  of  t o t a l  d r i f t  mineral mass and d r i f t  
d rop l e t  s i z e  d i s t r i b u t i o n s  can be obtained using a ro t a t i ng  arm sampler w i t h  
s e n s i t i v e  papers and/or f i lms  a t tached.3  

Determination of d rop l e t  s i z e  d i s t r i b u t i o n s  from t h e  s e n s i t i v e  papers 
and/or films i s  expected t o  be t h e  most expensive and time consuming . pa r t  of 
t he  data  analyses. Using a Quantimet 720 automatic s iz ing  and counting 
system, an.estimated 2-3 exposed papers can be analyzed per hour a t  a  cos t  of 
roughly $40 per hour f o r  equipment and opera tor  time. The system can be 
programmed t o  provide hard copy t a b l e s  and graphs of t h e  measured d i s t r i b u -  
t i ons .  Care must be taken,  however, t o  account f o r  d rop l e t  overlap and 
non-normal impingement. 

Meteorological observat ions  a r e  extremely important f o r  data  i n t e r p r e t -  
a t i on  such as d i s t r i b u t i o n  pa t t e rn ,  t he  amount of  evaporation t h e  d rop l e t s  
experience and plume r i s e .  Therefore,  p r o f i l e  determinations of wind speed 
and d i rec t ion ,  dry- and wet-bulb temperature a r e  required.  A.monostatic 
acous t ic  sounding system and high-qual i ty  tethered-balloon system can provide - 
quant i t a t ive  data t o  500 m above ground l eve l .  The acous t ic  sounder provides 
q u a l i t a t i v e  data of .temperature v a r i a b i l i t y  t o  several  hundred meters above 
ground level and provides a rea l  time d i sp lay  of information r e l a t e d  t o  atmos- 
pheric s t a b i l i t y  and t h e  presence of convection from the  surface .  Time- 
lapse  photography can a1 so supply valuable information on complex c i r c u l a t i o n s  

... .within the  plume. I t  i s  .expected t h a t  a synchronized two camera system, 
viewing the plume from 2 d i f f e r e n t  angles ,  wi l l  be employed; these  wou1.d 
provide information on plume geometry and o r ien , ta t ion .  

S i t e  surveys and pre-experiments a t  several  power p lan t  s i t e s  a r e  planned 
t o  evaluate a number of  f a c t o r s ,  including t he  l o g i s t i c s  of s e t t i n g  up s u i t -  
ab l e  surface measurement a r c s  w i t h  r espec t  t o  su r f ace  topography and prevai l -  
ing meteorological condi t ions ,  access t o  fan s tack  e x i t s  and prel iminat-y 
measures of the amount of d r i f t  deposi t ion which can be expected a s  a function 
of downwind distance.  Of these  l a t t e r  measurements, t he  bulk samples a r e  t o  
he 11sed t o  check the s c n s i t i v i t y  of t he  chemical ana lys i s  techniques.  

Field Data Applied t o  Model Val ida t ion  

Since the data co l l ec t ed  i n  t h i s  study a r e  t o  be used f o r  d r i f t  deposi t -  
ion model val idat ion,  i t  i s  useful  t o  es t imate  t he  s e n s i t i v i t y  of t he  models 
t o  var ia t ions  of input da ta .  The Hosler, Pena and Pena modelg, a b a l l i s t i c  
t r a j e c t o r y  model incorporating evaporation of t h e  d r i f t  d rop l e t s ,  provides 
a s u i t a b l e  s t a r t i ng  point  because of i t s  r e l a t i v e  simp1 i c i  t y .  

'c. Hosler, J .  Pena and R .  Pena, "Determination of S a l t  Deposition Rates 
from Dr i f t  from Evaporative Cooling Towers," Trans. ASME, Ser A * ,  J .  Eng. 
Power, 96, 1974, 283-291 . 



In t h i s  model pa r t i c l e s  in the s i z e  range d .  t o  d .  + ~ d .  releas.ed from 
the plume a t  height h r  into an ambient wind f i e l a  haviAg uniform and constant 
wind speed W are deposited a t  the ground in to  a sec tor  having an angular 
width o and radial extremities a t  x .  and x - A x .  determined uniquely by 

b313 
1 d.  + bdi, respectively. The deposition ra  e for1each s i z e  c l a s s  i s  given 

where Q .  i s  the emitted d r i f t  mass i n  t he  s i z e  range di t o  d.+edi and c i s  a 
constant related t o . t h e  frequency of humidity, wind directioA toward the  
sector .  

. . 
Changes i n  mineral concentration a r e  d i r e c t l y  proportional t o  changes in 

; similar ly the fract ion of d r i f t  ass  emitted i n  the s i z e  range interval PZ a lso  d i rec t ly  proportional to  Pi1! Thus a given uncertainty o r  var iat ion 
in mineral concentration and d r i f t  mass f r ac t ion  r e s u l t s  in a proportionate 
change in d r i f t  deposition f o r  a given s i z e  range in t e rva l ,  e - g . ,  a + 15% 
e r ro r  in e i ther  of these quant i t ies  leads t o  a +15% e r ro r  in the  predicted 
deposition. 

Other sources of uncertainity in model output include e r r o r  i n  the 
e f f ec t ive  release height h , er ror  in the e f f ec t ive  terminal s e t t  ng speed 
, and er ror  in the measured pa r t i c l e  s i z e ,  d . .  Pena and Hoslerli have 

d~scussed  the errors in estimating the s e t t l  ind veloci ty  of d r i f t  droplets  
because o f d r o p l e t  evaporation apg have suggested'.-apprQximations t o  minimize 
these e r rors .  Schrecker, e t  a l .  have discussed the e r rors  i n  e f f ec t ive  
release height and pa r t i c l e  s i z e  and have concluded t h a t  e r rors  in par t ic le -  
s i z e  determinations, especial ly  f o r  t ra jectory-type models, have the grea tes t  
impact on the transport calculat ions.  To i l l u s t r a t e  t h i s  r e s u l t s  fur ther ,  
a summary of the discussion by Schrecker, e t  a l .  i s  given. Subscripts a r e  
dropped fo r  simplicity.  

''5. H.  Meyer and W.  D.  Stanbro, "Chalk Point Cooling Tower Project 
Final Report Fy 1977, Col . 1 ,  Sa l t  Loading, Modeling and Aircraf t  Hazard 
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The error  in ground-level deposition due t o  e r r o r  in e f f ec t ive  . 
release height can be calculated by noting in Eq. 1  t h a t  

and tha t  

i s  the area of the sec to r  in to  which the emitted mass is  deposited. Conseq- 
uently,  a  f ract ional  e r r o r  of 6 i n  h , i . e . ,  h -+ hr(1+6), r e su l t s  i n  an 
fract ional  error  in the  deposition rx te  D of r 

2 
- - - -  

2 D' - A - x - (x-AX) - - .1 
D A' 

(4) 
x~~ - (x' - AX-)  (1+13)~ 

where the primes indica te  the  perturbed parameters. For S=+0.15, D O / D  = 0.76, 
a  24% decrease in ground-level deposition. 

The error  estimate f o r  errors  in the p a r t i c l e  s i z e  measurements i s  more 
compl icated and requires  the additional assumptions t h a t  the equil i  brium 
pa r t i c l e  s i ze  ( a f t e r  evaporation) i s  a  constant f rac t ion  of the or iginal  s i ze ,  
i . e . ,  d  = $d and t h a t  the number of droplets per uni t  volume of a i r  sampled 
i s  the fame in the s i z e  intervals  [d, d+bd = d(l+A)] and [d' = d( l+S) ,  2 dO+Ad' = d ( l + ~ ) ( l + b ) ] .  For par t ic les  in the range O<d<10OPm, V = K d  = K d  , 
while for  large drople ts  V = Kd. Because of the  s i ze  .change, fherel..is a l s6  
a  mass change to  account f 6 r  in Q of Eq. 1 .  Thus, the f rac t ional  e r ro r  in 
the deposition r a t e  i s ,  from E q .  1  and 2, 

f o r  par t ic les  in the range of O<d<100pm and 

fo r  large par t ic les .  Thus with 6 = +0.15, E q .  5 gives D'/D - 2.66 and 
Eq. 6 gives D O / D  = 2.01; These errors  a re  substant ial  and c l ea r ly  point out 
the need or  p rec i se ' s i ze  d is t r ibut ion  measurements of the source. Meyer and 
Stranbrul' have a l s o  carr ied out sens i t iv i ty  analyses of sevcral d r i f t  
deposition models and 'have made similar conclusions regarding s i z e  d i s t r i b -  
ution measurements of the  source, ambient r e l a t i v e  humidity and ef fec t ive  
d r i f t  release height. 

I t  i s  ins t ruc t ive  t o  estimate the downwind mineral deposi t i  n r a t e s  with ? L t ~ e  ball i s t i c  t r a j ec to ry  model of Ilosler, Pens, 2nd ~ e n a , 9  Chen has carried 
out c$lculations f o r  a  natural d ra f t  cooling tower using a  d r i f t  r a t e  of 
2x10- , an ambient r e l a t i v e  humidity of 70%, a  wind speed and tower e x i t  



+ speed of 4 . 3  m/s. The tower i s  100 m high with a  plume r i s e  of 500 m. 
Source emission parameters a r e  shown i n  Table 1 ,  along with t he  downwind 
d r i f t  mass and drop le t  deposi t ion r a t e s .  The mineral mass and d rop l e t  
numbers i n  each s i z e  category were assumed t o  be conserved and deposited i n to  
a  s ec to r  bounded by impact d i s tances  o f  those  d rop l e t s  whose s i z e s  were a t  t h e  
extrema of each s i z e  category. A maximum deposi t ion case  was a l s o  ca lcu la ted  
by ~ h e n l ,  where t he  d rop le t s  a r e  emitted from t h e  top of t he  tower and do not a 

evaporate. Results of these  ca l cu l a t i ons  a r e  shown i n  Table 2. 

Since the  r e s u l t s  i n  Table 1  a r e  r a t h e r  conservat ive  while those  of 
Table 2  represent an upper l i m i t ,  ac tual  deposi t ion pa t t e rn s  from a  mechanical 
d r a f t  tower can be expected t o  be somewhere between these  two cases .  I t  i s  
c l e a r  t h a t  evaporation is extremely important i n  p red ic t ing  d r i f t  d rop l e t  
deposit ion.  

2  From an experimental s tandpoint ,  a  one hour sample w i t h  a  1  dm receptor  
area ,  using the  deposit ion r a t e s  of Table 1 ,  would be c l o s e  t o  t h e  s e n s i t i v i t y  
l i m i t  of t he  various detect ion methods. For example a  25 ug sample when 
d i l u t ed  w i t h  10 ma of r i n s e  water r e s u l t s  i n  a  2.5 ppm s a l t  concentra t ion.  
The ion chromatograph i s  s e n s i t i v e  t o  0.5 ppm, but operates  bes t  i n  t he  range 
5-50 ppm. For d rop le t  s i z e  d i s t r i b u t i o n  measurements several  hundred d rop l e t  
s t a i n s  a r e  necessary f o r  good s t a t i s t i c s .  Thus an experiment r u n  of 5-10 hrs 
would be required t o  reasonably cha rac t e r i ze  d r i f t  deposi t ion w i t h  t he  r a t e  
given -in Table -1. - On t he  o ther  hand -only  10-.20 minutes would be required f o r  
s im i l a r  accuracy with t he  r a t e s  given i n  Table 2. 

Data In te rpre ta t ion  and Accuracy 
. . . -. . - . - . . . . . - . . . . . . ... .- 

Before the  measurements can be used i n  t h e  various models, they must be 
c a s t  i n t o  a  more s u i t a b l e  form such a s  t o t a l  mass emission r a t e s  o r  t o t a l  
mass deposit ion f luxes .  Thus i t  i s  neces sa ry - to  examine how accura te ly  these  
quan t i t i e s  can be spec i f ied  fr0m.a number of point  measurement l oca t i ons ,  
i . e . ,  from equal area  t raverse  measurements i n  t h e  tower f o r  source character-  
i za t ion  o r  from a  s e r i e s  of measurements along an a r c  downwind from t h e  tower . 

f o r  es tab l i sh ing  deposit ion pa t te rns .  In p r ac t i c e  t h i s  usual ly  means in teg-  
r a t i ng  t he  data over t he  e n t i r e  t r ave r se  o r  deposi t ion pa t te rn  o r ,  a l t e r n a -  
t i v e l y ,  by r i l t i n g  an  ana ly t ica l  . f unc t i on ,  such a s  a Gaus5ian, t n  t h e  d a t a  
i n  a  way which minimizes t he  variance between t h e  measured and f i t t e d  values.  
The data  may be smoothed by various averaging techniques before f i t t i n g .  
Source and deposition measurements a're examined separa te ly .  

The source measurements which a r e  required t o  specify  t he  t o t a l  mineral 
and d rop l e t  mass emission r a t e s  a r e  t h e  updraf t  ve loc i t y ,  the  mineral mass 
f l ux  and drople t  mass concentrat ion a t  each point  along a  kiametralequal 
area t raverse .  For mechanical d r a f t  towers a  10-12 point  t r ave r se  along a  
s i ng l e  diameter per c e l l  i s  usual ly  adequate, although two t r ave r se s  along 
crossed diameters is preferable .  Typical ly ,  mechanical d r a f t  c e l l s  have a  
double lobe veloci ty  p r o f i l e ,  with a  minimum a t  t he  cen t e r ,  which may have 
negative o r  even s l i g h t l y  pos i t ive  values .  Mineral and drop le t  f lux  
measurements a r e  not usual ly  made i n  t h e  cen t e r  a r ea .  Because of  the  geometry 
of l i n e a r  mechanical d r a f t  a r r ays ,  t h e  emission pa t te rn  a t  t he  e x i t  plane 
can be expected t o  he azimuthally asy~runetric, which c l c a r l y  ind ica tes  t h e  
need f o r  several t r averses  of a  given c e l l .  



Table 1 Est imated s a l t  d e p o s i t i o n  r a t e s  from a  b a l l i s t i c  
d r i f t  model ( s e e  ~ h e n l )  a t  ambient r e l a t i v e  humidi ty 
o f  70% 

Emitted F ina l  
drop1 e t  Erni t t e d  S a l t  drop1 e t  Drop1 e t  
d iameter  d r i f t  Downwind d e p o s i t i o n  d i a m e t e r  d e p o s i t i o n  
i n t e r v a l  mass d i s t a n c e  r a t e  i n t e r v a l  r a t e  

(urn) (S/S ) ( km) (uglhr/dm2) ( I J ~ )  (#/hr/dm ) 

Table 2  Est imated maximum s a l t  d e p o s i t i o n  r a  e s  from a  t b a l l i s t i c  t r a j e c t o r y ' m o d e l  ( s e e  Chen ) wi th  no 
evapora t ion  and t h e  dropl .e t s  a r e  e m i t t e d  from 
t h e  t o p  o f  t h e  tower 

Emi t t e d  
drop1 e t  Emitted S a l t  Drop1 e t  
diameter  d r i f t  Downwind d e p o s i t i o n  d e p o s i t i o n  
i n t e r v a l  mass d i s t a n c e  r a t e  r a t e  

(um ( g / s )  ( km) ( ~ ~ s / h r / d m ~  (#/hr/dm ) 



Mineral mass flux i s  usually determined using an i sokine t ic  (IK.) sampling 
technique13.' The toal mineral mass f lux  i s  obtained by summing the average 
f lux  measured a t  each equal area t raverse point. Alternat ively,  the  same IK 
sampling tube can be used a t  each t raverse  point so tha t  the to t a l  f lux  i s  
automati.cally obtained. The accuracy of t h i s  method depends upon the  
co l lec t ion  using backup f i l t e r s ; -  The IK system i s  presumed t o  have a 
co l lec t ion  efficiency of 95% o r  be t t e r .  The overall accuracy and reproduc- 
i b i l  i t y  of th i s  technique under . f i e l d  conditions i s  specified t o  be 515%. 
Consequently, the to ta l  mineral mass may be uncertain by a t  l e a s t  t h i s  amount. 

Two different  systems1 a r e  empl oyed t o  measure drop1 e t  s i z e  d i s t r ibu t ion  
concentrations a t  the tower e x i t ;  these include a l i g h t  sca t te r ing  device 
(e .g . ,  PILLS), which measured concentrations d i r ec t ly ,  and a sens i t ive  paper 
(SP) device, which usually measured droplet  f luxes b u t  can be employed t o  
measure concentrations.too. The PILLS and SP data a r e  combined t o  f ind  an 
average volume concentration of droplets  in each s i z e  range f o r  each t raverse  
point. Since the mean e x i t  ve loc i ty  i s  the difference between the tower 
updraft velocity and the drople t  s e t t l i n g  veloci ty ,  a droplet  mass f lux  f o r  
each s i z e  range can be calculated.  To obtain the to ta l  droplet  mass f lux  i t  
i s  necessary to  sum over each s i z e  range and over each trav'erse point.  The 
PILLS an& SP systems can be ca l ibra ted  in the laboratory t o  within f5%;  how- 
ever, in the f i e l d ,  intercomparison between the two techniques indicates  t h a t  
the accuracy of these systems can be specified t o  only 215%. Hence, t o t a l  
droplet  mass i s  probably accurate  t o  no be t t e r  than +15%. The question of 
evaporative effects  within the cooling tower, which preferent ia l ly  operate 
on smaller droplets ( d  2' 100 pm), have not been factor ied in to  t h i s  
accuracy specification. . . . -. - - . . . . . . . . . . 

Source measurements a r e  a l so  dependent upon the ambient meteorology. 
This i s  especially t rue  f o r  natural d r a f t  towers, b u t  of l e s se r  importance 
f o r  mechanical d ra f t  towers. Consequently, the ideal experiment plan i s  
t o  conduct source character izat ion measurements on many c e l l s  of the tower 
while the  downwind measurements a r e  being made. The next best plan, i s  t o  
character ize the source by making measurements of only a few representat ive 
c e l l s  ( i . e . ,  select  c e l l s  which appear to  have high, low and average emission 
r a t e s )  while downwind measurements a r e  being made. 

The deposition pattern on an arc  downwind from a natural d r a f t  cooling 
tower i s  roughly Gaussian with respect  t o  the plume center l ine  according t o  
data of Meyer and stanbro5. Rectangular bank mechanical d r a f t  towers may 
produce a deposition pattern which l i e s  between Gaussian and top hat d i s t r i b -  
utions.  In any case, the actual deposition pattern on a given arc  can be 
~rsed t o  specify the parameters of whatever analytical d i s t r ibu t ion  function 
appears appropriate. An example of f i t t i n g  the data of Meyer and ~ t a n b r o 5  
t o  a Gaussian follows. 

Two cases a re  examined: a )  unaveraged data and b) data from 3 adjacent 
s t a t ions  a re  averaged together.  The data a re  summarized in Table 3 and 
Figure 1.  The data a re  f i t  t o  a Gaussian of the form 



~~~~~ ON LOCAT1 ON, DEGREES 
F i a u r e  1 .  Sodium d e p o s i t i o n  p a t t e r n  0.5 km f r o m  t h e  Chalk  P o i n t  n a t u r a l  

a 

d r a f t  c o o l  i ng t owe r .  
-11- 



where Do i s  t he  d e p o s i t i o n  r a t e  a t  s t a t i o n  l o c a t i o n  ' , 

Dt 
i s  t h e  t o t a l  d e p o s i t i o n  r a t e ,  

a i s  a  measure o f  t h e  w i d t h  o f  t h e  d e p o s i t i o n  p a t t e r n ,  and 0 
o i s  t h e  l o c a t i o n  o f  d e p o s i t i o n  c e n t e r l i n e .  

The w i d t h  of t h e  d e p o s i t i o n  p a t t e r n  u0 and t h e  t o t a l  d e p o s i t i o n  r a t e  a r e  d e t e r -  
mined f rom the  d a t a  accord ing  t o  

and 

where o i s  t h e  l o c a t i o n  o f  t h e  h a l f  maximum p o i n t ,  i - e . ,  Do 
112 

0, = 112. 

The c e n t e r l i n e  was chosen t o  be a t  a = -10" and t h e  t o t a l  dep64 f t i o f i  r a t e  
D, = 223 des . mq/rn2 - 4hr  was used ?n b o t h  cases. The f i t t e d  da ta  a r e  a l s o  
shown i n  ~ a 6 l e  3-and F igu re  1. The e f f e c t  o f  a y e r a g i n g  t h e . d a t a  before 
f i t t i n g  was t o  decrease t h e  maximum d e p o s i t i o n  a t  t h e  c e n t e r l i n e  and t o  
increase t h e  wod i th  o f  t h e  d i s t r i b ~ ~ t i o n  s l i g h t l y .  .The average d e p o s i t i o n  r a t e  
over  a  40 degree s e c t o r  a t  0.5 km i s  5.6 mg/rn2 - 4hr .  

Table 3 . '  ~ i s t r i b u t i o n ' o f  sodium d e p o s i t i o n  r a t e  a t  Chalk 
P o i n t  Coo l ing  Tower on an a r c  0.5 km downwind 
(see Meyer and s tanbro5)  

S t a t i o n  Sodium d e p o s i t i o n  r a t e ,  D, (mglmz-4hr) 
Loca t i on  
0 (deg) 

raw data  
measured f i t t e d  

averaged data  
measured f i t t e d  



f S ince the  d e p o s i t i o n  measurements use techniques which a r e  s i m i l a r  t o  
those used fo r  source c h a r a c t e r i z a t i o n ,  t h e  accuracy of t h e  i n d i v i d u a l  down- 
wind measurements ought  t o  be s i m i l a r  a l so .  Consequently, i t  i s  necessary t o  
examine what e f f e c t  t h e  measurement e r r o r s  have on s p e c i f y i n g  t h e  t o t a l  
d e p o s i t i o n  ra tes .  I t  i s  s t r a i g h t - f o r w a r d  t o  d e r i v e  t h e  f o l  l ow ing  e r r o r  - 
es t imates  from Eqs. 8 and 9: = 

and 

where t h e  assumption t h a t  6De/D, = 6D0 /Do = 6D0 / 6 D  has been used. 
0 0 1 /2 01 /2  

If 6D /D = 0.15, then 6 0  /a = 0.11 and 6D /D  = 0.26-. T h i s  r e s u l t  i n d i c a t e s  
t h a t  9 mgasurement e r r o r  80 g e t t e r  t han  1 5 ~ ~ w o b l d  produce an u n c e r t a i n t y  i n  
t h e  t o t a l  d e p o s i t i o n  no b e t t e r  t han  26%. 

F i n a l l y ,  t h e r e  a r e  some u n c e r t a i n t i e s  which a r e  d i f f i c u l t  t o  address 
p r i o r  t o  ac tua l  f i e l d  measurements. I t  i s  impor tan t  t o  know t h a t  a l l  t h e  
d r o p l e t s  con ta in  b a s i n  water  m i n e r a l ,  s i nce  the re  may be o t h e r  sources o f ,  
'd rop le ts  which impinge on t h e  sur face. .  Appreciable v a r i a t i o n s  o f  dyes and . 

s a l t  concent ra t ion  i n  i n d i v i d u a l  downwind d r o p l e t s  has been found which 
suggests t h a t  a  v a r i e t y  o f  processes may i n c l u d e  f ragmen ta t i on  o r  coalescence 
through c o l l i s i o n s  w i t h  o t h e r  d r o p l e t s ,  evaporat ion, and c o a g u l a t i o n  w i t h  
p l  ume water. 

I t  would appear t h a t  t h e  o v e r a l l  accuracy o f  s p e c i f y i n g  t o t a l  source 
emiss ion and downwind d e p o s i t i o n  r a t e s  i s  i n  t he  range 15-30% us ing  techn iques 
which a r e  p r e s e n t l y  a v a i l a b l e .  From t h e  p o i n t  o f  v.iew o f  model v a l i d a t i o n ,  i t  
would seem t h a t  any model which can reasonably determine t h e  e f f e c t i v e  r e l e a s e  
h e i g h t  and the  e f f e c t i v e  s e t t l i n g  speed (dependent on evapora t i ve  e f f e c t s )  o f  
d r i f t  d rop le t s ,  g i ven  t h e  d r o p l e t  emiss ion f l u x  as a  f u n c t i o n  o f  d r o p l e t  s i z e ,  
would be s a t i s f a c t o r y .  

Conclusions 

A d r i f t  experiment program t o  develop a  da ta  base which can be used f o r  
v a l i d a t i o n  o f  d r i f t  d e p o s i t i o n  models has been fo rmula ted .  The f i r s t  f i e l d  
e f f o r t  i s  designed f o r  a  s u i t a b l e  mechanical d r a f t  c o o l i n g  tower t o  be 
se lec ted  a f t e r  s i t e  v i s i t s  have been conducted. The d i s c u s s i o n  i n  t h i s  paper 
demonstrates the  importance o f  c l ~ a r d c l e r i z i n g  t h e  d r o p l e t  s i z e  spectrum e m i t t e d  
f rom t h e  tower and t o  a c c u r a t e l y  account  f o r  d r o p l e t  evaporation;as t h e  down- 
wind d r o p l e t  deposi t i 'on p a t t e r n s  and near  sur face a i r b o r n e  concen t ra t i ons  a r e  
ex t remely  s e n s i t i v e  t o  these parameters. 




