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DIAMETER) BY VEGETATION*

FRED G. TavyLor, JrR.. PaTrIC1s D. PARR and FraNces BaLtrt

Environmental Sciences Division. Oak Ridge National Laboratory.
QOak Ridge, TN 37830, US.A.

(First received 9 October 1978 and in final form 10 4pril 1979)

Abstract - A key issue concerning environmental impacts from cooling tower operation is the interception of
drift by vegetation and the efficiency of plants in retaining the residue scavenged from the atmosphere.
Chromated drift water. typical of the cooling towers of the Department of Energy's uranium enrichment
facilities at Oak Ridge. Tennessee. was prepared using radiolabelled chromium. A portable aerosol generator
was used to produce a spectrum of droplets with diameters (100- 1300 um) characteristic of mechanical draft
cooling towers using state-of-the-art drift eliminators. Efficiency of interception by foliage varied according
to leaf morphology with yellow poplar seedlings intercepting 72°,, of the deposition mass in contrast to 43",
by loblolly pine and 24°, by fescue grass. Retention patterns of intercepted deposition consisted of a short-
time component {0-3 days) and a long-time component {3-63 days). Retention times. estimated from the
regression equation of the long component. indicated that drift contamination from any deposition event
may persist from between § and 12 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.

INTRODLCTION tention are assumed to be similar to technigues used in
evaluating the fate of simulated fallout on plant species
(Witherspoon and Taylor, 1970).

An aerosol. characteristic of the drift from ~cverai
mechanical draft cooling towers, was produced ™
simulating the chemistry of the recirculating cocbng

water and generating droplets of known Jiamcter

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

BOX Neo.

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 et 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
piants 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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sizes. The simulant was applied tn a field ~tuds 1o
determine the initial interception by plants and -
estimate the retention efficiencies among .ol
genera.

METHODS

A portable (backpack) drift simulator was Jdovizs ol
and fabricated to generate a uniform aerosol otn an
droplet characteristics. The backpack droplet ~:
lator was tethered by a 30 m pressure hose and civo
cable from a stationary source of compressed v o !
electric power. The aerosol (mist) was producad
the discharge volume controlled by forciny i
simulant through a full-cone spray no//Ic
pressure of compressed gas during a specity!
interval. Flow through the spray nozzle wa~sa .
of pressure, such that 0.75 min~! was dischar 2.0 o
24 psi. Specific dosage of the simulant wa~ ¢,
controlled by activating an electric timer motv «
opened and closed a solenoid valve for .
interval, thus delivering a known quanuty '
throttling valve. By opening the solenoid vulvo -

100 ml of simulant was discharged. The apc
the nozzle were such that micron-size dropic
generated. Droplet size was measured. u~iic -

A=-00050
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Table (. Size and mass distribution of simulated drift drop-
lets produced by a portable aerosol generator

Droplet diameter

., of sample ., of mass
{microns) by number by diameter
1N 200 4.50 0.10
201 300 9.33 0.74
01 400 19.29 423
401 500 14.47 6.74
501 600 20.58 16.99
601 -700 16.40 2278
701 -800 7.08 1503
801--900 5.14 15.86
9011000 193 7.74
1001 1100 0.32 1.96
1101-1200 0.64 482

1201-1300 0.32 3.00

sensitive paper methods. and corrected for splash effect
by calibration techniques described by Engelmann
{1962). The simulated drift droplets ranged from
1001300 uum in diameter with the greatest fraction by
number (40°,) and mass (55°,) occurring in the
500--800 um class (Table 1). The spectrum of droplets
is representative of drift droplets expected at the stack
discharges of some 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 a desirable mass load (ml m~2) 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
1.5m uniformly covered a circle (~1.12m 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 at 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 (mim™2),
radiolabelled sodium chromate (Na,*'CrO,) was
added to the cooling water as a tracer. Experimental
units were individual pot cultures (2yr old), each
containing a fescue grass sward (Festuca arundinacea
Schreb.), a loblolly pine seedling { Pinus taeda L.), or a
yellow poplar seedling (Liriodendron tulipifera L.).
Two pots each of fescue grass and loblolly pine were
arrayed in a circle within each of twenty-five 1 m?
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 or the filter disc

within the treatment plot. The drift simulant imist) was
released above the canopies of cach pot culture by
acute exposures under calm conditions. Immediately
following application, four plants of each species were
randomly selected and clipped into plasuc bags to
determine the initial interception of the drift simulant
Subsequent collections were made periodically during
aneight-week period to determine the retention of drift
on foliage. Initial mass loading of the simulated drift
was 100 ml m™ * which resulted in a deposition of 90 =
5uCi*'Crm~2.

Samples of grass foliage and recirculating water
samples from the diffusion plant cooling towers were
prepared for spectral resolution by energy dispersive x-
ray techniques and photographed using a scanning
electron microscope to determine the sites of drift
contamination and the size distribution of the drift
particles. Elemental analyses for the water ~amples
were obtained from the residue of recirculating water
droplets which had been evaporated to dryness. where-
as the actual particles (residue) on the upper and
lower surfaces of the grass foliage were analyzed.

Actual drift contaminated plants (grass)within 0.05-
m? plots were collected near the Oak Ridge Gaseous
Diffusion Plant cooling towers. removed 1o the labo-
ratory, and leached with distilled water to wimulate
throughfall of one to six inches (2 to 15 cm) of rain.
Water aliquots were analyzed using an atomic absorp-
tion spectrophotometer for mineral residue (total
chromium) which had been removed. Loss rares were
then determined from linear regression analiwis for
each component (foliage and litter).

RESULTS AND DISCUSSION

Following the notation of Miller (19671 the initial
concentration of the drift simulant on foliuee may be
expressed by a foliage contamination fuctir . such
that

a; = Cy/m, (H

where C, is the quantity in uCi of radionuchii« :ninally
intercepted per gram dry weight of foliage. an o 15 the
quantity in uCi of drift simulant depostied per ~quare

meter of soil surface area. The fraction. £ o1.:c thatis
initially intercepted by foliage is given b

F=aW,, 12)
where W, is the biomass (dry weight) age in
g m™~? of soil surface.

Species with high ratios of leaf surfuce o+ - o sotl
surface area (leaf area index—LAD _eater
interception efficiencies than species wi:* lage
area. For example, yellow poplar and "= . -eed-

HAR AR

lings in this study, with area indices betwee &
intercepted 72 and 64°, of the depo~: T re-

spectively, whereas fescue grass. with u vo© + ndex
of 2.3, intercepted 24°, (Table 2). T*. ©con-
tamination of yellow poplar leaves (} ¢ welva
function of the orientation of foliage po-: ar o
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Table 2. Initial interception of simulated drift by vegetation

m G W,
(uCim ™%y (uCig™" a (gm™*%) F LAl
~1SE +1SE C;mY) =«1SE {a;W ) (m*m 5
Fescue
2rass 896 - 47 0.1831 = 0.04 0.0020 118.69 + 20.2 0.2374 230
Loblolly
pine 896 47  0.2239 £ 005 0.0025 18199 + 231 0.4550 2.8%
Yellow
poplar 89.6 + 4.7 0).8877 « (.15 0.0099 7257 +99 0.7184 4.00
m; = initial deposition
C; = initial interception per gram foliage

]

J; = contamination factor
I, = plant density

F = fraction of initial deposition intercepted
LAI = leaf area index im?m ™). :

the deposition path in addition to the greater leaf area
of the receptor. [t has been shown that the fraction of
contaminant initially intercepted by herbage is related
to an uptake coefficient (u), dependent on biomass
density, with experimental values of u ranging from
23 1o 33m? kg~' among grasses (Chamberlain,
1970). In the present study uptake coefficients were
computed and found to be comparable to
Chamberlain’s results, with values of 2.27 and 3.3 m?
kg ™! for fescue grass and loblolly pines. respectively.
On the other hand, the uptake coefficient for yellow
poplar was 17.49. Among yellow poplars the ratios of
leaf surface area to biomass were two to three times
greater than for fescue grass and loblolly pines,
suggesting that the area of the receptor was inde-
pendent of biomass in determining the fraction of
initial interception. Surface characteristics. such as
pubescernce or roughness. seem insignificant to initial
interception in this study since the surfaces (texture) of
the foliage among the three genera are similar. The
retention of the drift simulant by the three species
resulted in a two-component curve (Fig. 1), which was
resolved into a short-time or initial loss phase (0-3
days) and a long-time (3-63 days) component.

The majority of the initial contaminant {60-75°,)
was lost by all species during the first three days
following contamination. Since the chromate tag was
water soluble, and there was no rainfall event {Table 3)
prior to the harvest at three days postapplication, the
initial quantities lost ( ~ 75°,) were likely in coalescing
dew droplets which fell from the foliage by gravity
flow. Loss of the remaining simulant ( ~ 25° ) over the
long-time component (3-63 days) showed no cor-
relation to rain events or quantity of precipitation
{Table 3). Chamberlain (1970) suggested that leaching
of radioactive aerosols from foliage by rain was not the
major mechanism of field loss. It has been demon-
strated experimentally that plants are capable of
releasing trace metals into the atmosphere (Beauford
etal., 1975). Such a release or field loss is due primarily
to cuticle weathering, resulting from surface abrasion
and leaf bending induced by various stresses. The trace
contaminants released are likely contained in salt

particles, wax rodlets or cuticular and other surtuce
fragments (Beauford et al., 1977). It is hypothesized in
this study that a significant fraction of the remairing
simulant (25%) removed over the long-time «om-
ponent (3-63 days) was released from the plani~:n this
manner. The rates at which these materials i vuriace
fragments) are removed can be enhanced bs ruie 1ow,
and wind. Linear regression analyses were perforimed
on chromium-51 concentrations through the tume
period of 3-63 days postapplication to estimate re-
sidence times of the remaining fraction iz
Retention half-times of the remaining fractions were
four weeks for loblolly pines and yellow popiare nd
six weeks for fescue grass. Less than 1%, was o oo
to remain on loblolly pines and yellow poplar

lings at seven weeks (Fig. 1a) compared tv the e
quantity on fescue grass at eleven weeks (b 1~ ¢
ratios of the slopes of the regression curves sucyc i
loss rates are the same for loblolly pines a2 e
grass, whereas the loss rate from yellow popia- 4

times greater than the loss from the pme. . :
grass. A test for parallelism of the regress
revealed that the slopes were not statisticail-
from each other (P < 0.05). However. beca..-
differences in initial interception (Table 2
initial loss between the species (Fig. 1) "=
pooled slope for the estimation of hait-
rejected. The flat laminar surface of the voi' «
leaves provided an excellent receptor 1.
interception but afforded little chance lur -
retaining the solubilized residue of the - -
contrast, both fescue grass and lobiolly -
effective in trapping the initial deposi:.
yellow poplar (Table 2j.

Fescue foliage was examined using
electron microscope to determine the ~ -
contamination and size characteristics
ticles. Both upper and lower surfaces o
examined from samples collected at .
Drift particles observed were either
particulates or droplets which subseq .
leaving the mineral residue. Particle Jdo
upper surfaces (Fig. 2a} of leaves collecto
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Fig. 1. Retention of chromium-51 on vegetation up to 9 weeks post-application. Each data point represents d
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Table 3. Precipitation events and quantity of rainfall during
the field study

Duys postapplication Precipitation

of simulant (cm)
3 241+

5 091

9 254

18 0.30

25 1.27

KR} 1.02

46 4.45

50 1.02

* Rain event occurred following harvest of plants.

much less than on the lower surfaces (Fig. 2b), 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 (6-40 um dia.) and
configuration (Fig. 2c) to the deposits (5~50 um 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. 2b). 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 the circulating water. The low density
of deposits on the upper surfaces of the leaves suggests
a field 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 19;) 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 al., 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

L T3 Y .
V;,;’"“";.&.h.' o

P PR A
3 z‘ y -
et -

Fig. 2. Electron micrographs of drift depo~it-

surface of fescue foliage; (b) lower surface «

aligned along a vein; (c) deposits from recircuis

water evaporated to dryness. Particle diameter.
5-50 um.

soluble, whereas the deposition on litter w.
be reduced to the less soluble trivalent «pco
numerous organic particles and subsequc-
to the decaying mat. The litter mat woui.
greater potential for sites of chemical redu.

increased area of foliage fragments and p.
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Fig. 3. Retention of drift on fescue foliage and litter from 0.05 m? plots, following application isoaking) of
water equivalent to form one to six inches of rain (1.271. = lin).

Fescue grass (foliage) and litter were collected from
0.05 m? 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
(2.5-15cm) 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 7-9% of the total was
removed from foliage with each successive treatment
in comparison to only 3% 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 (Cr?*
and Cr®*) 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 Chamberiain, 1970 and Witherspoon and Taylor,

1970) are amenable to estimate the fruction of drift
intercepted by vegetation. However. caution must be
used to draw any inference as to retention ctfic:encies
of “drift” since retention will be element <pecific
depending on water chemistry of the reuircalating
water of the cooling system and subsequent uptake
and absorption by foliage. Under cond:tions of
chronic drift deposition the level of contimination
(foliar concentration) will depend on the ~ulance
between losses from weathering phenomena including
the release of plant fragments), dilution by new crowth,
and uptake by plants. Periodic sampling a1 Oun Ridge.
Tennessee, has verified the relatively constant level of
chromium drift contamination with distance « Tuvlor
et al., 1975, 1976).

These results are relevant to assess ir oot n
vegetation from operating and proposcd pii- '~ shere
drift deposition to the environs has been o+ od by
dispersion model techniques. The estimates + inal
interception probably represent the wor~ ¢ ex-

amples, since they are derived from a Jropic iistri-
bution characteristic of stack discharges .= than

the point of impingement, and represent ¢~ - 1o for
individual plants without influence of u var t'on-
sequently, an assessment of potential Jdr: “olisin
vegetation, incorporating these results. w.... - oade
conservative estimates.
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