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Abstract ~ ,A key issue concerning environmental impacts from cooling tower operation is the interception oi 
drift b> regetation and the efficiency of plants in retaining the residue scavenged from the .itmoipherc. 
Chromated drift water. typical of the cooling towers of the Department of Energy's uranium enrichmenr 
facilities at Oak Ridge. Tennessee. was prepared using radiolabelled chromium. A portable aerosol _renerdtor 
was used to produce a spectrum of droplets with diameters (100- 1300 pm) characteristic of mechanical draft 
cooling towers using state-of-the-art drift eliminators. Efficiency of interception by foliage varied according 
10 leaf morphology with qellow poplar seedlings intercepting 72"" of the deposition mass in contrast 1 ~ )  45" , 
by loblolly pine and 24",, by fescue grass. Retention patterns of intercepted deposition consisted o f a  shorr- 
time component IO-? days) and a lung-time component (3-63 days). Retention times. estimated frlim [hc 
regression equation of the long component. indicated that drift contamination from any deposition e r m  
ma) persist from between 8 and I? weeks. In field situations adjacent to cooling towers. the average annual 
concentration of drift on vegetation at any distance remains relatively constant. with losses from weathering 
being compensated by chronic deposition. 

INTRODUCTION 

Ground level air concentration and deposition rates of 
drift are important source characteristics that aid in 
predicting the potential for environmental effects of 
cooling tower operation on terrestrial ecosystems. The 
current approach in drift assessment is to use source 
and transport parameters as input data into one of 
several drift transport models to predict the quantity of 
mineral residue present downwind from cooling sys- 
tems (Schrecker er al.. 1975). The resulting model 
simulations provide estimates of instantaneous or 
long-term (average annual) deposition and air con- 
centrations of drift along a distance gradient. 

Predictions of drift deposition (average annual) 
from present models assume 100'; interception by the 
substrate (soil surface). The potential for effects in 
plants should be proportional to the quantity of drift 
intercepted, retained and available for uptake through 
the foliage. Variations in initial interception between 
plant genera are related in part to diverse leaf morpho- 
logies. Because the contamination of foliage by cooling 
tower drift is partially by droplet sedimentation, 
methods for estimating initial interception and re- 
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tention are assumed to be similar to technique\ uwd ; I I  

evaluating the fate ofsimulated fallout on plant \ ~ C L I O  

(Witherspoon and Taylor. 1970). 
An aerosol. characteristic of the drift f r o m  \ .  

mechanical draft cooling towers, was prodoc 
simulating the chemistry of the recirculating L ~ d : ~ g  
water and generating droplets of known Ji.i:ncl:r 
sizes. The simulant was applied in a tield .id: 1 ~ 1  

determine the initial interception by plan(, .iii,l 

estimate the retention efficiencies among . 
genera. 

METHODS 

A portable (backpack) drift simulator U , I \  ,!;, - .  :,! 
and fabricated to generate a uniform aerci\ol ( 1 1  h i '  .\ 

droplet characteristics. The backpack drop1c.l .' .. 
lator was tethered by a 30 m pressure hose A i i J  :;(. . 
cable from a stationary source of c o m p r e \ d  ;.!. ' 

electric power. The aerosol (mist) was p r o h - ( c !  
the discharge volume controlled by forcing 
simulant through a full-cone spray no / / l :  ' . 

pressure of compressed gas during a >pc'c)!.. ! 
interval. Flow through the spray nozzle UJ\ < i  ' : 

' . 

of pressure, such that 0.75 I min-' was d i d ~ t . : .  ' : '  

24 psi. Specific dosage of the simulant u .I\ :" 
controlled by activating an electric timer r n < i i ,  

opened and closed a solenoid valve f o r  . t  

interval, thus delivering a known quanti[! " 

throttling valve. By opening the solenoid \.iI'.: ' 

100 ml of simulant was discharged. The J ~ L . .  

the nozzle were such that micron-size d r ~ ~ r ~ l L  
generated. Droplet size was measured. i i ' i '  - 

. 

- 
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Table I .  Size and mass distribution of simulated drlft d r o p  
lets produced by a portable aerosol generator 

Droplet diameter 
(microns)  

IIW) 200 
201 ;oo 
701 m 
411 5 0 0  
5 0 1  600 
601 YNl 
'01 R 0 0  
ROI 900 
901 I(M) 

I(N1 1100 
1101 1200 
1201-1300 

( I , ,  of wnple 
b b  number 

4 50 
9 33 

19 29 
1.147 
20 58 
16 40 

7 08 
5 14 
I 9 3  
0 32 
0 64 
0 32 

of mass 
by diameter 

0 I O  
0.74 
4.23 
6.74 

. . -  - 

16.99 
'2.78 
15.03 
15.86 
7.74 
I .96 
4.82 
3 .oo 

sensitive paper methods. and corrected for splash effect 
by calibration techniques described by Engelmann 
(1962). The simulated drift droplets ranged from 
100- I300 Itm in diameter with the greatest fraction by 
number (NO",,) and mass ( 5 5 " , )  occurring in the 
500- 800 pm class (Table I ) .  The spectrum of droplets 
is representative of drift droplets expected at the stack 
discharges ofsome older natural draft and of mechani- 
cal draft cooling towers using current state-of-the-art 
drift eliminator designs (Wistrom and Ovard. 1973). 
Both the time interval (8 s)  and pressure (24 psi) were 
controlled such that adesirable mass load (ml m-') of 
the drift simulant was obtained from calibration 
operations. The apparatus was calibrated by discharg- 
ing water onto a dry cement pad, thus producing a wet 
outline of the deposition area. By varying the height of 
the spray nozzle above the ground. one could control 
the size (area) of the circle to be contaminated. The 
discharge volume (100 ml) released from a height of 
1.5 m uniformly covered a circle ( -  1.12 m dia.) of 
1 m2. 

A chromate-based corrosion inhibitor (9  ppm chro- 
mium) is used in the recirculating cooling water of 
several mechanical draft cooling towers a t  the Oak 
Ridge Gaseous Diffusion Plant (Fowlkes, 1973). 
Therefore, it  was desirable to simulate the water 
chemistry for the interception-retention study. After 
calibration to a desirable mass load (ml m-'), 
radiolabelled sodium chromate (Na, "Cr04)  was 
added to the cooling water as a tracer. Experimental 
units were individual pot cultures (2yr  old), each 
containing a fescue grass sward (Ftwuca arundinacea 
Schreb.), a loblolly pine seedling {Pinus to& L.), or a 
yellow poplar seedling (Liriotlendron rulipfera L.). 
Two pots each of fescue grass and loblolly pine were 
arrayed in a circle within each of twenty-five 1 mz 
plots. Yellow poplar seedlings were placed only in 12 
plots. Filter discs of known area (268 cm') were also 
placed in the center of each plot and contaminated 
concurrently with the plants to determine the initial 
deposition. The pot cultures were arranged so that the 
foliage of individual plants did not obstruct the 
receptor surface of adjacent plants c)r the filter disc 

within the treatment plot. Thedrift \imtilant iini,ti \ \ , I ,  

released above the canopies of each pot culture h! 
acute exposures under calm conditions. l iniiiedidtcl! 
following application, four plants of each \pccic\ scr; 
randomly selected and clipped i n t o  pla\tic I v g \  t (3 

determine the initial interception of the dritt \initilant 
Subsequent collections were made periodicall? during 
aneight-week period todetermine the retention ofdrift 
on foliage. Initial mass loading of the \imulatcd drift 
was 100 ml m- '  which resulted in a depohition of90 = 
5 pCiSiCr m-,. 

Samples of grass foliage and recirculating water 
samples from the diffusion plant cooling tower\ were 
prepared for spectral resolution bq energ! di\perhi\e Y- 

ray techniques and photographed using a .canning 
electron microscope to determine the s i te \  o f  drift 
contamination and the size distribution of the drift 
particles. Elemental analyses for the water ,.imples 
were obtained from the residue of recirculating water 
droplets which had been evaporated to dr! ne\\. where- 
as the actual particles (residue) on the upper and 
lower surfaces of the grass foliage were an:il>?sd. 

Actual drift contaminated plants (grab\, w ithin 0.05- 
m2 plots were collected near the Oak Ridge ( i ; i w ~ u s  
Diffusion Plant cooling towers. remored t o  rhe labo- 
ratory, and leached with distilled water t o  .imulatr 
throughfall of one to six inches ( 2  to IS cin I of rain. 
Water aliquots were analyzed using an atomic a h s o r g  
tion spectrophotometer for mineral rekdue I total 
chromium) which had been removed L,T.\ - , i t : \  were 
then determined from linear regression . i ! i . t I * . \ i \  for 
each component (foliage and litter). 

RESULTS AND DlSCl SSIO\  

Following the notation of Miller I I9)h-i * b e  init ial 
concentration of the drift simulant on i d I . i c c *  : i i ~ )  be 
expressed by a foliage Contamination t d c f b t r  \uch 
that 

a, = Ci,'m,. I l l  

where C,is thequantity in pCi of radionuclide .nitially 
interceptedpergramdryweightoffoliagc. . I : ? \ !  0 1 .  I \  the 
quantity in pCi of drift simulant depmi:c(! :'<.: quare  
meterofsoi1surfacearea.Thefraction. I. 01 , : I  ' .  'hat  is 
initially intercepted by foliage is giLen h\ 

F = a,W,, 121 

where W ,  is the biomass (dry weighi i  ' 

g m - 2  of soil surface. 
Species with high ratios of leaf surf. ici ,  I '  I 

surface area (leaf area index---L.\I I . . 
interception efficiencies than specie5 w i t -  

area. For example, yellow poplar and ' s , "  

lings in this study, with area indices b e t w c I . . .  
intercepted 72 and 64?, of the dept~ .~ '  
spectively, whereas fescue grass. with .I : I '  

of 2.3, intercepted 24", (Table 2 )  r',c 
tamination of yellow poplar leaves I 1 $; 

function of the orientation of foliagc p~ 
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Table 2. Initial interception of simulated drift by vegetation 
_ _ ~ .  . _ _  ~ ~~. .- - -  

in C, Ct' I 

( pCi m ' I (pci g I t * i  (grn- ')  F L.41 
= I  SE = I c E  ~ C , m ; ' l  2 l S E  ( a i W , )  ( m ' m  ' I  

~ .. ______...~__~ -~ . _. ~ . - 

F ' h C U L .  

L , lh lOl l>  
gra\ i  XY.6 = 4.7 U.1831 0.04 O.(X)20 118.69 = 10.2 0.2374 :,.:(I 

pine 89.6 e 4.7 0.2239 0 .05  0.0025 181.99 '3.1 0.4550 13'. 

puplar 89.6 5 4.7 0.R87i 0 1 5  0.0099 72.57 i 9.9 0.7184 4.oc I 

1 i ' l lL)* 

- ~. .. ~ 
~. 

vi, = initial deposition 
C, = initial interception per gram foliage 
t i i  = contamination factor 

t i ' '  = plant density 
F = fraction of initial deposition intercepted 

L.41 = leaf area index im' m '). 

thedeposition path in addition to thegreater leafarea particles, wax rodlets or cuticular and uther \iir!dce 

of the receptor. I t  has been shown that the fraction of fragments (Beauford et ai., 1977). It is h! pothe\iccJ in 
contaminant mitiall! intercepted by herbage is related this study that a significant fraction of the rcniCiir!iig 
to an uptake coefficient (p ) ,  dependent on biomass simulant (250/,) removed over the long-tinic L t ' l i i -  

density. with experimental values of p ranging from ponent (3-63days)was released from the plant, :n ! h i >  
2.3 to 3 . 3  m2 kg- '  among grasses (Chamberlain. manner. The rates at which these materi.il, I . , ; ~ -~Lc  

1970). In the present study uptake coefficients were fragments) are removed can be enhanced b! r.iiv i;u. 
computed and found to be comparable to and wind. Linear regression analyses were pcrltlr 
Chamberlain's results. with values of 2.27 and 3.3 mz on chromium-51 concentrations through :he I I I I ~ C  

kp- '  for fescue grass and loblolly pines. respectively. period of 3-63 days postapplication t u  c\tiniCi[e r< -  
On the other hand. the uptake coefficient for yellow sidence times of the remaining fraction i t  I S  I I 
poplar was 17.49. Among yellow poplars the ratios of Retention half-times of the remaining fraction. w;rc 
leaf surface area to biomass were two to three times four weeks for loblolly pines and yellou p,ir>i 
greater than for fescue grass and loblolly pines, six weeks for fescuegrass. Less than I " , >  u.i\ L'\ 

suggesting that the area of the receptor was inde- to remain on loblolly pines and yellou pop1.1~ . . : -  
pendent of biomass in determining the fraction of lings at seven weeks (Fig. la)  compared ( ( 1  .'?: .: . L' 

initial interception. Surface characteristics. such as quantity on fescue grass at eleven week. I f I 

pubescence or roughness. seem insignificant to initial ratios of the slopes ofthe regression curie\ ,  
interception in this study since the surfaces Itexture) of loss rates are the same for loblolly p i n o  .I:',: . . .L' 

retention of the drift simulant by the three species times greater than the loss from the pint. 

resulted in a two-component curve (Fig. 11, which was grass. A test for parallelism of the regrc... 
resolved into a short-time or initial loss phase (0-3 revealed that the slopes were not statlilic.iri. 
days) and a long-time (3-63 days) component. from each other (P  < 0.05). However. ~ c L . I , .  

The majority of the initial contaminant (60-75",) differences in initial interception (Tablc : 1 : 

was lost by all species during the first three days initial loss between the species (Fig. I I 

following contamination. Since the chromate tag was pooled slope for the estimation of h.i;t-, 
water soluble, and there was no rainfall event (Table 3) rejected. The flat laminar surface of the > c ' ,  

prior to the harvest at three days postapplication, the leaves provided an excellent receptor I $ - '  

initial quantities lost ( - 75"") were likely in coalescing interception but afforded little chance l' t lr  

dew droplets which fell from the foliage by gravity retaining the solubilized residue of the ~ 

flow. Loss of the remaining simulant ( - 25", , )  over the contrast, both fescue grass and lobloll> y . 
long-time component (3-63 days) showed no cor- effective in trapping the initial depo\,:  I 
relation to rain events or quantity of precipitation yellow poplar (Table 2). 
(Table 3). Chamberlain (1970) suggested that leaching Fescue foliage was examined usir?c 
of radioactive aerosols from foliage by rain was not the electron microscope to determine the - 
major mechanism of field loss. I t  has been demon- contamination and size characteristic. 
strated experimentally that plants are capable of ticles. Both upper and lower surface.. I > '  

releasing trace metals into the atmosphere 1 Beauford examined from samples collected at ha ~ 

et al.. 1975). Such a releaseor field loss I S  due primarily Drift particles observed were either :. 
to cuticle weathering. resulting from surface abrasion particulates or droplets which subwq 
and leaf bending induced by various s t rews.  The trace leaving the mineral residue. Particle d i  
contaminants released are likely contained in salt upper surfaces (Fig. 2a)ofleaves collrc:~ 

the foliage among the three genera are similar. The grass, whereas the loss rate from yelloh p"L' . I '  1 

' 

. , . 
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I I I 1 

0. 2 FESCUE GRASS 
*=o 09-0 OO4fX 

1 LOBLOLLY P I N E  

0 
7 44 24 2 8  35 4 2  4 9  56 63 

M Y S  WSTAPPLICATION 

Fig. 1 .  Retention ofchromium-51 on vegetation up to 9 weeks post-application. Each data point represents 
the mean (n  = 4) at each sample period. Bars denote -+ 1 standard error. 
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T h l e  .; Precipitation ecents and quantity of rainfall during 
the field study 

D.I> pobtapplication 
of >imulant 

3 
5 
I) 

18 
' 5  
x3 
46 
50 

__ 

Precipitation 
(cml 

2.41' 
0.9 1 
2.54 
0.30 
1.27 
I .02 
4.45 
I .O? 

* Rain ewnt occurred following harvest of plants. 

much less than on the lower surfaces (Fig. Zb), and at  
300 m particle density on both surfaces was less than 
the corresponding surfaces at 60 m. Recirculating 
cooling water (RCW). evaporated to dryness, de- 
posited residue similar in size (6-40jm dia.) and 
configuration (Fig. 2c) to the deposits (5-50pm dia.) 
observed on the foliage. To  test whether the foliage 
deposits were actually drift derived, energy dispersive 
X-ray analyses were made on the drop residue (Fig. 2c) 
and compared by similar analyses to spectral charac- 
teristics of foliar deposits (Fig. Zb). Energy dispersive 
X-ray analysis showed that particles on the foliage 
contained elements common to the chemistry of the 
RCW drop (Na. Mg, Si, S. Cl. K, Ca and Fe). Each of 
these elements would be expected to occur in the RCW 
following concentration by several cooling cycles or in 
the make-up water. All particles examined did not 
contain the full spectrum of elements. Analyses of 
washed and unwashed leaves from control areas did 
not produce emissions spectra. This suggests that the 
concentration of specific elements in individual drift 
droplets may not be equivalent to the concentration 
maintained in the recirculating water. This finding is 
important in calculating the drift emissions since a 
common assumption in cooling tower drift estimates is 
that the drift droplets contain the same mineral 
concentration as thecirculating water. The low density 
ofdeposits on the upper surfaces of the leaves suggests 
a held loss due to weathering. The chromium main- 
tained in the RCW for corrosion inhibition could not 
be detected by the X-ray analyses as the concentration 
(9 ppm) is below the limit of detection (0.1 to 1%) by 
the energy dispersive technique. 

A laboratory study was conducted to demonstrate 
the removal of drift (chromium) from plant materials 
by water. Differences in chromium concentration 
between foliage and litter in a previous study had 
suggested that there were more exchange sites as- 
sociated with the litter than with the live foliage 
(Taylor er ul., 1975). It was hypothesized that the 
differences in concentration between live foliage and 
litter were related to the chemical properties of 
chromium rather than the physical trapping of the 
chemical residue. Drift deposited as hexavalent chro- 
mium on foliage should remain relatively water 

Fig. 2. Electron micrographs of dnft d e p t ~ ~ .  
surface of fescue foliage; (b) lower surface .i 
aligned along a vein; (c) deposits from reclrcui 1 

water evaporated to dryness. Particle diameter ~ 

. 

5-50 pm. 

soluble, whereas the deposttion on litter u 
be reduced to the less soluble trivalent -pL 
numerous organic particles and subseq UL 

to the decaying mat. The litter mat K ~ ) L I I  

greater potential for sites ofchemical r d i A L  
increased area of foliage fragments and 7 

10219113 
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Fig. 3. Retention of drift on fescue foliage and litter from 0.05 mz plots. following application i<o. ihingi  
water equivalent to form one to six inches of rain 11.271. = linJ. 

Fescue grass (foliage) and litter were collected from 
0.05 m2 plots near the cooling towers of the Oak Ridge 
Gaseous Diffusion Plant and covered with water to 
simulate quantities equivalent from one to six inches 
(2.5-15 cm) of rain. The leachate (throughfall) was 
analyzed for chromium removed by each treatment 
and the resultant retention data summarized by linear 
regression analysis. The content of drift in the leachate 
indicated that the loss rate of chromium from grass 
foliage was two to three times greater than losses from 
litter (Fig. 3). Approximately 7-99., of the total was 
removed from foliage with each successive treatment 
in comparison to only 3y; from the litter. Since the 
total quantity of drift on the foliage and litter was the 
result of chronic deposition, the residue being removed 
is likely the fraction remaining after the rapid initial 
loss depicted in Fig. 1. These data support the 
hypothesis that the difference in concentration be- 
tween foliage and litter is likely related to a differential 
solubility of chromium in two oxidation states (Cr3+ 
and Cr6+ j with subsequent field losses due to removal 
by a combination of surface fragments and solubilized 
drift residue. 

The interception and retention data of this study 
were derived from an experiment in which the distri- 
bution of droplet diameters and water chemistry was 
representative of cooling tower water. Since water lost 
from a cooling tower in the form of drift is primarily 
deposited by sedimentation and impaction. it is sug- 
gested that much of the earlier experimental data from 
fallout studies (Milbourn and Taylor. 1965: Chadwick 
and Chamberlain. 1970: and Witherspoon and Taylor, 

1970) are amenable to estimate the fr;Lcti<Jn ,d drift 
intercepted by vegetation. However. C ~ L I I ~ O I :  ~ ; i \ t  be 
used to draw any inference as to retention c:!iL:~~ricie~ 
of "drift" since retention will be rlemcrir .pc.citic 
depending on water chemistry of the rcL:rLL;!dting 
water of the cooling system and subwqucn: (iptalir: 
and absorption by foliage. Under con&rion\ of 
chronic drift deposition the level of coni 
(foliar concentration) will depend o n  i t ]  

between losses from weathering phenon1en.i I ~ x! d i n g  
the release of plant fragments 1, dilution b)  r) L' N g :i )u t h. 
and uptake by plants. Periodic sampling .ii ( 1.1 h K idge. 
Tennessee, has verified the relatively cL)n\:.iri: li,iei of 
chromium drift contamination with di\tdr,Lc I r.l!lor 
et nl., 1975, 1976). 

These results are relevant to asses\ !r : *  . . ' : L~ \  in 
vegetation from operating and p r o p o 4  pi I .  .. A here 
drift deposition to the environs has be 
dispersion model techniques. The e j t  I 

interception probably represent the  HI)^.' 1.c ex-  
amples, since they are derived from 3 : : \ t r i -  
bution characteristic of stack discharso I .L . -  :' ' h a n  
the point of impingement, and reprehen1 c y .  . .  1 . 0  for 
individual plants without influence of ;I \.ir :. , 6 <in- 
sequently, an assessment of potential d :.[\ in 
vegetation. incorporating these resulr.. * ' . ' ' 3: ide 
conservative estimates. 
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