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PREFACE

The Annual Report for 1973 to the U.S. Atomic Energy Commission's Division
of Biomedical and Environmental Research represents a change from previous
annual reports. For the past 22 years, its composition has reflected our
organizational structure--each part of the report was the responsibility of
the appropriate research department. |In the past several years, research per-
formed for DBER has become more interdisciplinary and more interdepartmental
until now only a few projects are conducted wholly within one department. To
reflect this change, this report is organized by major program categories
according to our schedule-189 submissions. Each part of the Annual Report is
comprised of project reports authored by scientists from several research de-
partments. The Annual Report consists of four parts:

Part 1 Biomedical Sciences Coordinator: R. C. Thompson
Editor: J. L. Simmons
Part 2 Ecological Sciences Coordinator: B. E. Vaughan
Editor: J. L. Engstrom
Part 3 Atmospheric Sciences Coordinators: C. L. Simpson,
C. E. Elderkin
Editor: J. A. Powell
Part 4 Physical and Analytical
Sciences Coordinator: J. M. Nielsen
Editor: L. L. Lahart
Reports issued are as follows:
Annual Report for
1951 HW-25021, HW-25709
1952 HW- 27814, HW- 28636
1953 HW-30437, HW-30464
1954 HW-30306, HW-33128, HW-35905, HW-35917
1955 HW-39558, HW-41315, HW-41500
1956 HW- 47500
1957 HW-53500
1958 HW- 59500
1959 HW-63824, HW-65500
1960 HW-69500, HW-70050
1961 HW- 72500, HW- 73337
1962 HW- 76000, HW- 77609
1963 HW-80500, HW-81746
1964 BNWL-122
1965 BNWL-280, BNWL-235, Vol. 1-4
1966 BNWL-480, Vol. 1, BNWL-481, Vol. 2, Pt. 1-4
1967 BNWL-714, Vol. 1, BNWL-715, Vol. 2, Pt. 1-4
1968 BNWL-1050, Vol. 1, Pt. 1-2, BNWL-1051, Vol. 2, Pt. 1-3
1969 BNWL-1306, Vol. 1, Pt. 1-2, BNWL-1307, Vol. 2, Pt. 1-3
1970 BNWL-1550, Vol., 1, Pt. 1-2, BNWL-1551, Vol. 2, Pt. 1-2
1971 BNWL-1650, Vol., 1, Pt. 1-2, BNWL-1651, Vol. 2, Pt. 1-2
1972 BNWL-1750, Vol. 1, Pt. 1-2, BNWL-1751, Vol. 2, Pt. 1-2
1973 BNWL-1850, Pt. 1-4

W. J. Bair
Program Director, Life Sciences
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FOREWORD

At present the Atnospheric Sciences Programis focused on atnospheric
cleansing and reinsertion processes. Studies of pollutant interactionwth
cloud and precipitation droplets and with the earth's surface are being con-
ducted. Acconpanying themare the necessary rel ated investigations of aero-
sol description and behavior, air trajectories, cloud and storm dynani cs,
turbul ence and diffusion. The programin total is aimed at providing a con-
tinually inproving capability to describe the transport of contamnants re-
| eased fromnuclear facilities which are ultimtely delivered to human popu-
 ations and ecol ogi cal systens.

This report reflects the enphasis of the programon pollutant renoval and
resuspensi on processes, but al so denonstrates the continuing research on al
aspects of the atnospheric transport problem fromsource to receptor. The
report is organi zed in segments which deal with the various phases of the pol-
lutants' history during transport: Characterization of Sources and Anbi ent
Pol lutants; Transport Diffusion and Turbul ence; Atnospheric Transformation
Processes; Renoval and Resuspension Processes. The final segnment, Speci al
Studies, deals primarily with applied aspects of the research

Not reported here are applied studies being conducted by our staff which
are of concern to the AEC but are not directly related to DBER activities.
A concerted effort is nade to carry on applied studies concurrently with the
research in order to assure that the nost effective recent research findings
are brought to bear on significant problems and that the npst urgent needs
for future research are continually being identified

C E Elderkin, Associ ate Manager
At nospheri ¢ Sci ences Depart ment
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CHARACTERIZATION OF SOURCES AND AMBIENT POLLUTANTS

The nature and quantity of radioactive and chemical airborne contaminants must be
known before an objective assessment can be made of the consequencesof these materials to
the environment. Information regarding the characteristics of pollutants is mandatory for
estimation of downwind concentrations of particles and gases, the significance of deposition,
the probability of resuspension, and the biological significance to the receptor of interest.
Atmospheric Sciences and Radiological Sciences have undertaken several studies during the
past year in the area of sensitive methods of analysis for trace materials in the atmosphere.
An array of low-level analytical methods has been employed to describe the nature and quan-
tity of radioactive material and other contaminants airborne in particular situations. Reports
in this section present the findings of this work.

® PRECIPITATION SCAVENGING*
e RADIOACTIVE FALLOUT RATES AND MECHANISMS
e SURVEY OF RADIOACTIVITY AND CHEMICAL POLLUTANTS

*This list denotes the sponsoring programs for the
research represented by the reports in this section.
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POTENTIAL APPLICATION OF ATOMIC ABSORPTION

AND ANODIC STRIPPING VOLTAMMETRY TO THE PRECIPITATION

SCAVENGING PROGRAM

R.

Rain samples from the April

Lee

1972 in-cloud scavenging

experiment have been analyzed by flameless atomic absorption and

anodic stripping voltammetry.

These techniques appear to be of

potential value to the in-cloud scavenging program. However,
more extensive work i s required to evaluate the potential of

anodic stripping voltammetry.

INTRODUCTION

In general, chemnical instrumenta-
tion has advanced to the point where
several options are available for the
anal ysis of environmental sanples.
Al'though it is generally possible to
detect trace constituents at and fre-
quently bel ow the nanogram | evel,
the nature of these sanples requires
that the analyst be alert to possible
sources of experinmental error. Since
each technique may have a uni que
tol erance for some of the materials
whi ch produce interference, high
quality results may rest heavily on
the method of analysis as well as
the caution exercised in securing
sanpl es and preparing themfor
anal ysi s.

Thi s paper describes the results
of a brief investigation of the po-
tential application of atomnic absorp-
tion spectroscopy and anodic strip-
ping voltametry to the in-cloud
scavengi ng program  Sanpl es acquired

during a tracer release on April 16,
1971 1) have been anal yzed using
flanel ess atoni ¢ absorption for
silver detection and anodic stripping
voltammetry for indium detection

The results are conpared with those
obt ai ned earlier using neutron
activation.

Since the nerits of each technique
have been described in earlier re-
ports,(z’s) this paper will be re-
stricted to a description of sanmple
preparation and a listing of the
anal ytical results

EXPERIMENT

Precipitation sanples fromthe
April 1971 in-cloud scavengi ng ex-
peri ment had been concentrated to
dryness in plastic vials for neutron
activation analysis. These vials
were placed in 10 m plastic beakers,
filled with distilled concentrated
hydrofluoric acid (~0.5 m) and
allowed to stand overnight. The



acid was then evaporated slowly under
a heat lamp, the vials rinsed three
times with 1072 N nitric acid and
the solution brought to 2.0 ml with
the dilute acid.

Silver analysis was performed
with a Perkin-Elmer Model 306 atomic
absorption spectrometer equipped
with a HGA-70 graphite furnace and
deuterium background corrector. At
least two aliquots of each solution
were removed for analysis and the
remaining solution (at least 1.5 ml)
held for the indium analysis.

The contents of the volumetric
flasks remaining after silver analy-
sis were poured into 10 ml beakers,
the flasks rinsed with 2 to 3 ml of
1072 N nitric acid and the solution
evaporated to dryness under a heat
lamp. The residue was prepared for
anodic stripping voltammetry by dis-
solving it in 5.0 ml of a solution
2 M in lithium chloride and 0.5 M in
sodium acetate. Perchloric acid was
added (40 ul) to bring the H to
about 4.5 and the solution allowed
to stand overnight. The indium con-
tent of these solutions was deter-
mined by use of the Model 2014 Anodic
Stripping Voltammeter and Model 1014
Cell Holder manufactured by Environ-
mental Science Associates. Following
reduction of the electroactive metals
into the mercury skin of the compos-
ite graphite mercury test electrode,
the electrode potential was varied
anodically. Oxidation of the dis-
solved metals occurred at voltages
characteristic of the respective
metals and with currents directly
related to the mass oxidized. Fig-
ure 1 illustrates the appearance of
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a strip chart recording of current
versus voltage for Sample 57. The
relatively intense peaks observed at
the oxidation potentials of cadmium
and lead are due in part to the trace
metal content of the reagents. The
magnitude of this contamination is,
however, insufficient to interfere
with the indium determination. In-
strumental settings used for this
analysis are summarized in Table 1
along with those employed for the
silver analysis.

SAMPLE 57 SAMPLE 57
+10ng In

20 F 7

cd Cd

15 o |/Pb B
INITIAL POT. -1100mv U i

0.1mA FULL SCALE
0my  SWEEP
eomy SEC]

0

Neg 740938-6

FIGURE 1. Scan of Current Versus
Voltage for Sample 57 Before and
After the Addition of 1.0 ng Indium

Met al Anal ytical Method

TABLE 1. Summary of the Instrumental
Settings Used for the Silver and
Indium Analyses

Instrumental Settings

silver flameless atomc wavelength - 328 nm

absorption lamp current - 12 mA

atom zation tenp. - 2250°C

indium anodic stripping plating potential --1100 MV

vol tammetry sweep rate - 60 MV/sec
sweep range - 900 W

plating time - 30-45 mn

s ]
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RESULTS

Data acquired from the analysis of
eight samples from the April 1971
scavenging experiment are listed in
Table 2. Agreement is generally sat-
isfactory although some discrepancies
are disturbing. The thermal stress
experienced by the vials during neu-
tron activation undoubtedly contri-
buted to the migration of some of the
tracer into the container walls. In-
ability to achieve total recovery of
tracer is therefore to be expected.
But the poor agreement between the
silver results obtained for Sample 6
via neutron activation and atomic ab-
sorption cannot be attributed solely
to this mechanism.

The data recorded for the AS/
analyses are generally in keeping
with the expected irreversible loss
of indium to the plastic vial. This
method of analysis offers no advan-

BNWL-1850 PT3

tage in terms of detection limit al-
though some improvement may be
realized. by varying the experimental
conditions.

Final appraisal of these tech-
nigues must await a more extensive
survey of precipitation samples.

TABLE 2. Summary of the Results
Obtained from the Dual Analysis of
Precipitation Scavenging Samples

ng Ag ng In

Sample NAA AA NAA ASV
4 <1 0.85 2.93 = 0.21 vl

6 30 £ 10 0.10 N.D. ~l
36 <1 0.53 N.D. <0.5
48 <1 0.30 N.D. <0.5
57 <1 0.50 0.68 = 0.34 <0.5
66 <1 0.30 N.D. <0.5
75 <1 0.10 1.98 + 0.99 <0.5
88 <1 0.10 0.46 = 0.23 Nl
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QUILLAYUTE AIR REFERENCE STATION

R. W. Perkins, J. D.

Ludwick, C. W. Thomas

M. R. Petersen and J. A. Cooper

The Quillayute Air Base’ has been selected for the air
reference station necessary to sample and monitor air constitu-
ents. Installing of appropriate instrumentation there i s near
completion, and a large variety of air constituents i s now under

study using sampling and monitoring techniques.

High-volume air

filtration provides samples for measuring the concentration of
a wide spectrum of radionuclides, while their physical size dis-

tribution i s determined from high-volume impactor samples.

Plans

for gaseous radionuclide measurements are also being implemented.
Monitoring i s under way for the gaseous constituents ozone and
nitrogen oxides while plans for carbon monoxide and oxides of

sulfur are near completion.

A constant monitor is kept on the

particulate air levels as well as a rather detailed analysis of
some 30 stable elements from sampling of these particulates.
Size and elemental distributions are continually measured as
well. The hemispheric concentrations of certain organic consti-
tuents are measured by coordinating the meteorological watch

for fresh air masses with certain sampling techniques.

INTRODUCTION

Air pollutants produced regionally
not only contamnate their area of
origin but also become distributed
t hroughout the hemni sphere and trans-
fer between hemi spheres.
ness of this global air pollution may
increase with continued industriali-
zation and fossil fuel and nuclear

* Quillayute Air Base, 47° SO'N -
124° 34'Wwis 3 mles inland of the
Pacific Ccean in Northwestern
Washi ngton State adjacent to the
coastal section of the dynpic
National Park near Forks, Washing-
ton. The Quillayute site. con-
trolled by'the Washington State
Aeronautics Comm ssi on, has been
deconmi ssi oned as an airbase.
Their permission to establish the
nonitoring station and their co-
operation have facilitated its ex-
peditious construction and opera-
tion, and their help is gratefully
acknow edged.

The seri ous-

power generation. It is desirable,
therefore, to define current air
concentrations of the various gase-
ous and particulate pollutants pres-
ent in the atnosphere fromthese
sources. This study will provide
basic information on hemni spheric

pol lutant |evels; the influence of
net eor ol ogi cal conditions; biologica
hazards to be anticipated; and a
basis for assessment of possible
wor | dwi de control measures and the
est abl i shnent of acceptable environ-
nental pollutant Ievels.

INSTALLATION

A permanent air sanpling base for
radi onucl i de measurenents has been
set up at the Quillayute Air Base in
nort hwest ern Washi ngton State. A
rat her detailed meteorol ogical study
indicated that this was the best
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location to nmeet the overall program
obj ectives. The sanpling for non-
radi oactive pollutants with different

requi renents took the formof investi-

gating the Aitken nuclei count at
four stations along the coast. (4)

Al of these showed consi derable
variation and indicated the influence
of pollutants of local origin at sone
times. A rather encouraging bit of

i nformation was obtained at the

Qui Il ayute sanpling station which
suggested that sanpling somewhat
above ground | evel would reduce and
in sone instances elimnate |oca
contam nation probl ems encountered
Measurements of Aitken nuclei counts
bet ween ground | evel and the ele-
vated intake at 50 ft are continuing
while a new, higher intake at 100 ft
is under construction. Meteorol og-

i cal considerations of 18-hr atno-
spheric back trajectories for the
nmore prom sing investigated |ocations
i ndi cated a higher probability for
persistent westerly, unpolluted air
fl ow near the northern Washington
sites. Since data from the four
sites studied were sonewhat incon-
clusive and several mmjor operationa
advant ages woul d be realized at
Quillayute, this site was selected

as our permanent air nonitoring
station.

Equi pnent has been established
and we have initiated sanple collec-
tion for many of the radionuclides
of interest. A 600-cfm punp has
been installed for the continuous
col lection of aerosols for radionu-
clide measurements. Also three
Cascade inpactors are in operation
One of these operates only when the
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Aitken nuclei count is below a pre-
determined |evel indicative of
marine aerosol. Noble gas sanpling
has not yet been initiated; however,
the technol ogy for nmeasuring argon-
37 as well as the much nmore abundant
krypton and xenon radionuclides is
being devel oped. Construction of an
Cesger-type |ow background-hi gh pres-
sure counter is near conpletion and
will be used to neasure noble gases.
Equi pment for the continuous neasure-
ment of NQx and ozone is now opera-
tional. The specific equipment for
continuously monitoring SC& is as
yet unresol ved; however, scrubber
sanpling of SO, in the field followed
by | aboratory analysis is the interim
method. Laboratory techniques for
anal ysis of DDT and PCB s which nay
be adequate for measurenment of these
chlorinated hydrocarbons have been
devel oped and are in use. Sanples
are routinely obtained fromhigh-
volume filters used in nmeasuring the
presence of a large nunber of stable
el ements by X-ray fluorescence and
neutron activation analysis tech-
niques. Wet and dry fallout sanples
are obtained froman autonated col -
lector loaned to the program by the
New York Health and Safety Laboratory.
To neet the basic needs of this
program several inportant factors
were given consideration. It was
necessary to establish a permanent
base at the favored site and to in-
clude the necessary facilities an-
ticipated for all types of air sanp-
ling and nonitoring. Subsequent to
this, the permanent station nust be
equi pped for the pollution nonitor-
ing purpose in a systematic nmanner



The desired pollutant analysis prior-
ity must be balanced by availability
of equi pment suitable for sensitive
base line nmonitoring purposes as
wel |l as availability of funding.
Emphasi s was placed on pollutants
whose excess presence may be hazard-
ous to life forms. Particular em
phasis nust al so be placed on the

i ndi vi dual isotope and/or overal

radi ation dose to the human

communi ty.

The permanent nonitoring station
at Quillayute consisted of a large,
10 ft wide x 60 ft long nobile
trailer. This is shown in Figure 2.
It is located on the western edge
of the base, sonme distance fromthe

hbg 735833-5
FI GURE 2. Permanent
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few personnel activities that stil
remain. The trailer has been pro-
vided with all the necessary facili-
ties anticipated for its conplete
operation as an independent air pol-
[utant nonitoring station. This in-
cl udes the necessary power for

i nstrunental operation and interna
environnmental controls. An air
stack was constructed which allows
air sanpling and nonitoring fromthe
50 ft level by instruments |ocated
within the station. A security fence
encl osure protects the high-vol ume

i npactor sanplers and all other equip-

nent that nust be external to the
trailer for effective pollutant mea-
surement. A 1000-ft extension of

Monitoring Station at Quillayute



the existing three-phase power |ine
was necessary to position the trailer
so that the westward fetch would be
unobstructed. As previously noted,
construction is under way on a 100-ft
sanpling stack including high-vol ume
sanpling capability to replace the
exi sting shorter version.

Table 3 illustrates the sanpling
peri ods used for various collectors.

TABLE 3. Particulate Air Sanpling
Devices at Quillayute

St andard

Col l ection

Mat erials Measured Col lector Interva
Radi onuclides (gross) 600-cfm Pump 14 days
Radionuclides Size 40-cfm Andersen 7 days

Distribution I mpactors
Stable Elements 1-cfm Pump 1 day
Stable Elements Size 1-cfm 7 days

Distribution Andersen | mpactor
Organic Particulates 600-cfm Pump 8 hr to

2 days

PARTI CULATE LEVELS

A condensation nuclei nonitor
(Environment/one, Mddel Rich 100) was
used to constantly nonitor the par-
ticulate levels of air entering the
50-ft sampling stack. This instru-
ment was equi pped with an automatic
range changing feature so as to allow
unattended operation over |ong pe-
riods of time. There are seven in-
strumental ranges whose specific posi-
tion is indicated by a 1 to 7-volt
| evel applied to an output termnal.
The instrumental output as well as
this voltage level is nonitored by a
mul tipoint recorder. The | owest
scale of this instrument is 0 to 1000
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nuclei/ml. When the particulate

l evel exceeds 75% of any scale the

i nstrunment noves to the next higher
scale, i.e., 750 nuclei/ml. This
particular point is of inportance
since the 1-v level is also used

to actuate a relay whose primry con-
tacts control the flow of 110 V

to a bank of receptacles. Any instru-
mental or punping operations using
110 V can then be nmade to operate
only when the particulate levels are
low or in other words, only during
periods of relatively clean air. In
certain selected instances the opera-
tion of the 1 cfm Andersen 7-stage

i mpactor was so controlled.

At this time a full year of par-
ticulate nonitoring data is available
fromthe station. The nost prom nent
feature of the data is the recurring
short-term sharp increases in the
| evel s, probably due to pollutant
sources. No pronounced seasona
changes were observed; however, typ-

i cal summer levels were higher than
other seasons. Although average

val ues may be sonewhat m sl eadi ng
since daily fluctuations were often
severe, the rural particulate levels
observed were about 1000 condensa-
tion nuclei/ml with sumertine levels
of 2000-3000 CN/ml. Rarely and only
for short time intervals did the

| evel s exceed 10,000 CN/ml during the
year

VWien a fresh western air nass
entered the region, considerable
change was noted. The average |levels
dropped dramatically with typica
frontal passage to val ues between 10
and 200 CN/ml. This decrease was
evi dent even when no precipitation



These
"clean air"” levels were observed to
persist for several days on some oc-
casions. Although onshore air flow
in itself generally produced levels
somewhat below the 1000 CN/ml average
values, the particulate levels were

accompanied frontal passage.

more indicative of the recirculatory
history of the air parcel in the
general air mass than that of any
"clean air™ nuclei concentrations.
Figure 3 illustrates the particulate
levels before and after a "clean air"
mass passed into the monitoring
region. The sharp delineation of
particulate levels appears appropri-
ate for interpreting time of frontal
passage.

QUILLAYUTE OZONE CONCENTRATIONS

On July 1, 1973 an ozone monitor
(Bendix Series 8000) was added to
the high-level air intake stacks.

Local ozone levels were observed
to fluctuate with low values observed
daily from 2300 to 0700. During
these hours the ozone concentration

was typically below 10 ppb (12 ug/m3).

During a typical day (0700 to 2300
hr) air concentrations varied be-
tween 20 and 40 ppb. (See Figure 4.)
The maximum observed value during
July 1973 was 45 ppb while the over-
all maximum value, 55 ppb, observed
through November 1 occurred Octo-
ber 19. Twice during July the values
exceeded 40 ppb, each time at the
rear of cyclonic conditions and some
200 miles from the pressure center.
Both this effect and the diurnal
effect have been previously reported.
Figures 5 and 6 illustrate the maxi-
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mm observed daily ozone-air
concentrations.

Clean air ozone levels were about
30 ppb during July, assuming that
the highest values obtained during
the day are most representative of
the tropospheric concentrations.
This is based on the assumption that
best mixing occurs during the day,
particularly late in the thermal up-
lifting period, and extends into
evening. At that time a minimum of
surface and low-level ozone depletion
occurs. The average ozone concentra-
tions for October exceeded those for
the summer months and, in addition,
very high daily levels were recorded.
The onset of these higher levels
appeared to coincide with the onset
of vigorous fall weather activity in
early October. At that time there
was a southerly shift in the jet
stream air pattern from its usual
more northerly deflection to a posi-
tion in the vicinity and south of the
monitoring station. Consequently,
the usual fall reduction in ozone
levels reported by worldwide ob-
servers has not been observed this
fall at Quillayute.

The diurnal effect has been attrib-
uted to the increased stability of
the air during the nighttime period.
I't has been shown that in stable air
with small eddy diffusion, ozone in-
creased rapidly above the ground (in-
dicating a downward flux). Ozone is
probably destroyed in the stable air
layer not only by ground contact, but
within the stable layer as the result
of accumulated pollution. The data
indicate ozone depletion even with
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the sampling port at 17 m It is ob-
vious that the stable layer is nmany
times this level during the night.
Correl ati ons were observed between
i ncreasing particulate levels and
decreasi ng ozone concentrations.
These were due presunmably to reaction
of the ozone with the particulate or
ot her pollutants which acconpany this
prinme indicator of contaminated air
Thi s phenomenon was nost di scernible
when particul ate | evel s approached
or exceeded 104 nuclei/cnf or when
unusual 'y high particulate levels
occurred during early norning periods.
This latter case resulted in a fur-
ther reduction of the already de-
creasing ozone concentration in the
early norning and was clearly evident.



Air concentrations as |low as 2 ppb
wer e observed during such periods

QUILLAYUTE NO, LEVELS

Cctober 1, 1973 a nitrogen oxide
anal yzer (REM Myde 642) was added to
the instrumentation measuring the

hi gh-1 evel stack input air. This in-

strument is capable of independently
measuring NO and NO, air concentra-
tions. Data through Novenber 1,
1973 indicate that nost of the mate-
rial occurs as NO, with about 10 to
20% being NO. The basic air concen-
trations vary from1l to 4 ppb with
occasional rises to 10 ppb when

local rural contamination is present.

The measured levels at Quillayute

are equal to or higher than those ob-

served on Hawaii an and coasta
Fl orida | ocations.

ATMOSPHERIC ORGANIC CONSTITUENTS

Bot h gaseous and organi ¢ poll u-
tants absorbed on particul ates have
been investigated in the urban atno-
sphere where air pollution, espe-
cially photochemn cal snpg, exists.

Some organi ¢ conpounds, though poll u-

tants, are potentially useful as
tracers of air mass novenents. At
the research station in Quillayute
Washi ngton, particulate and gaseous
sanpl es are being collected to es-
tablish the background at nospheric
concentrations of selected organic
conpounds and the useful ness of
these compounds as tracers.

Wol e gas sanpl es were coll ected
in evacuated gas bottles (~0.5% vol)
and returned to the laboratory for
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anal ysis of trichlorofluoronethane
(Freon-11) by gas chromatography
using an el ectron capture detector

Particul ate sanples were collected
on various filter materials using
hi gh-volume air punps. Initial sam
pl es collected on MilliporeC filters
were not suitable for organic analy-
sis due to contamination fromthe
MilliporeC substrate. Adequate sam
pl es were obtained when specially
cl eaned fiberglass filters were used
as collectors and the sanpling inter-
val of the 600-cfm punmp extended to
2 days.

The 600-cfm punp (17 n?/min)
operates with a filter head contain-
ing eight 1-ft2 filter surfaces.
Menmbrane filters were normally used
as absolute filter surfaces. However,
during sel ected periods of onshore
flow fromtrans-Pacific trajectory
air masses, special efforts were made
to change the filter surface to the
treated glass material. Definitive
"clean air" sanples were obtained in
a mninumof time by maintaining a
met eor ol ogi cal watch on the station
site and forecasting the expected
duration of any onshore flow. The
prebaked filters were then returned
to their original container and de-
livered to the Richland, Washington
| aboratory for analysis.

Benzene extracts of the particu-
late sanples on the glass filters
were concentrated and initially sub-
jected to chromatographic separation
on al um na using benzene as the
elutant. Recoveries for the com
pound cl asses of interest were: 80
to 90%for n-al kanes and chl ori nated



pesticides and 50 to 60%for poly-
cyclic aromatic hydrocarbons. The
results obtained show that the air
during onshore flow at Quillayute
contained |l ess than 40 x 10'12g par -
ticul ate n-al kanes (Cy,Hy6 - C32Hg6)
/nP air (reported concentrations in
American urban atnosphere = 2-77 x
1077 g/nﬁ) and less than 80 x 107 1> g
particul ate p,p'-DDT or p,p'-DDE/ms.
(Reported concentrations over the
Atlantic Ccean = 78 x 10'15g/m3 and
212 x 1071° g/m3.)

The vol une rati o of CC1.F in on-
shore air was just detectable at
ale0 x 10'12(reported concentration
over the Atlantic Ccean at 45°N =
80 x 10712y, Further sanpl i ng
net hods are being planned to obtain
| arger particulate sanples and to
anal yze larger gas sanples, thus im
proving the overall sensitivity for
organi c constituents at the back-
ground levels in oceanic air.

RADI ONUCLI DE CONCENTRATI ONS SAMPLED

The concentrations of some 19
radi onucl i des were neasured in air at
the Quillayute nmonitoring station
during 1973. Sanples were obtained
by passing | arge vol unes of air
(17 /min) through MI11ipore mem
brane filters for 2-week sanpling pe-
riods. Shorter sanpling periods were
occasional ly used in special circum
stances. The MIlipore filter nem
branes have been shown to be essen-
tially absolute for removing
at nospheric aerosols associated with
radi onucl i des. The radi onuclides
were neasured using large Ge(Li)
di odes and the concentration of the
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gamma-em tting radi onuclides deter-
mned. The radionuclide concentra-
tions measured at Quillayute during
1973 were from1/2 to 1/10 the con-
centration neasured at Richl and
Washington. This relatively large
difference is believed due to the
orographic lifting by the Aynpic
and Cascade Mountains with subsequent
vertical mxing of higher altitude
and surface air prior to Richland
sanmpling. Since the radionuclide
concentration increases with altitude,
the vertical mxing of the air nass
by the Cascade Mountains results in
hi gher radi onuclide concentrations
east of the range

To observe any differences that
m ght result in radionuclide con-
tact fromnasses of different origin
speci al experinents were occasionally
schedul ed. One such period was from
Cct ober 10, 1973 to Cctober 12, 1973
during which tine differential sam
pling was in effect. "Mritine air"
of trans-Pacific origin was forecast
and obtained for this interval. A
this time the concentration of ra-
di onucl i des showed a significant in-
crease of some two to four tines the
average concentration nmeasured during
Sept enber 1973. This indicates that
during this special sanpling period
significant contributions of higher
altitude air were transported to
surface | evel s, increasing the con-
centration to val ues conparable to
the Richland area's.

Two hi gh-vol une Ander sen Cascade
i npactors were operated at Quillayute
to measure the radi onuclide distribu-
tion of aerosols. Their conbined
flow all owed collection of a total



of 40 cfm Significant sanples were
obtained fromthese inpactors using
a weekly changeout period. The high-
vol une sanplers separated the atno-
spheric aerosol into five fractions
of >7 ym, 3.3 to 7 um, 2.0 to 3.3 um,
1.1 to 2.0 um, and a backup filter of
0.01 to 1.1 um size ranges. For
di onucl i de neasurements 8 weeks of
sanpl es were nornal |y conbi ned.
These data showed that 83%of the 'Be
activity, 58%of the 137¢s activity,
and 44%of the fresh medi umlived
nucl ear debris (from the June 1973
Chi nese nuclear test) were associated
with particles less than 1.1 micron
Since most of the 'Be measured at
ground level is produced in the
stratosphere and enters the tropo-
sphere through the "tropopause gap"
fromlate winter through early spring,
it should be associated with strato-
spheric aerosols. Cesiuml137 is pro-
duced during nuclear testing, but
since 1954 surface air concentrations
have shown seasonal variation indi-
cating stratospheric origin. There-
fore, 137CS shoul d be associ at ed
with both stratospheric aerosols and
tropospheric aerosols that were pro-
duced during detonation. Fresh
fission products are, however, mainly
of tropospheric origin and are asso-
ciated with the larger tropospheric
aerosols. These data would tend to
confirm these suggestions. The data
fromthe Quillayute nmonitoring sta-
tion are summarized in Tables 4 and 5
June 26, 1973 the Chi nese con-
ducted an atnmospheric nucl ear test
with a reported yield of "severa
nmegaton." The radioactive debris
was detected in air sanples collected

ra-
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starting on July 5, 1973 and reached
peak concentrations 2 to 3 days later.
Fresh fission products enriched with
relatively large amounts of 237y and
239y characterized this test as a
fission-fusion-fission type device.
The concentration of fresh radio-
active debris was considerably |ower
than from the previous Chinese nu-
clear test of March 1972. High-

vol une Andersen Cascade inpactors

(20 cfm sanples showed that approxi -
mately 60%of the initial fresh de-
bris was associated with particles
larger than 3.3 um diamwhile only
25% was associated with particles of
less than 1.1 um diam This pattern
reversed itself on the subsequent
weekly sanple taken between July 10
and 19. Here approximtely 60% of
the total activity was associ ated
with the very small particles col-

| ected on the nenbrane backup filter.
| odi ne-131 was found to be consis-
tently associated with the very smal
particles.

TABLE 4. Distribution of Atnospheric
Aerosol's at Quillayute, Washington
During 1973
Fresh Fission Products
103
Particle —Ru  1dlcg 5N
Si ze* July - August X
1 12.3 15.0 19.9 15.7
2 6.5 14.7 15.6 12.3
3 17.7 12.6 14.7 15.0
4 11.6 17.0 9.2 12.6
5 51.8 40.6 40.5 44.3
* 1 = greater than 7 um
2 =33 to7
3 =201to03.3
4 =11 to 2.0
5 =1ess than 1.1 (0.01 to 1.1)
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TABLE 5.

Di stribution of Atnospheric Aerosols at

QuiTTayut e, Washi ngton During 1973

Percent Distribution

Particle Cosmogeni c Long-Lived Fl|3573|0n Product
Size* "Be Cs
Mar-Apr.  May-June July-Aug. X Mar - Apr . May-June July-Aug. b
1 1.8 2.8 2.1 2.2 5.5 4.2 0 5.2
2 2.6 2.8 3.3 2.9 5.7 5.8 .2 6.9
3 3.2 4.5 3.6 3.8 8.4 7.2 13.6 9.7
4 8.6 7.4 7.8 7.9 22.4 20.5 18.5 20.5
S 83.9 82.5 83.1 3.2 58.0 62.3 52.7 57.7
**1 = greater than 7 u
2 =3.3t07
3 =20 1t0 3.3
4 =1.11t0 2.0
5 =1less than 1.1 (0.01 to 1.1)

STABLE ELEMENTS IN AIR SAMPLES

Mul ti-el enent anal ysis of atno-
spheric particulates at the Quil-
| ayute reference station provides in-
formation useful in identifying
aerosol sources, tracing air masses,
eval uating potential health hazards
and establishing a reference level to
evaluate the effect of man's future
activities. Neutron activation and
X-ray fluorescence analysis are pro-
viding the highly sensitive and
sel ective nulti-el ement analyses re-
quired to neasure the small amount of
material collected on many of the
sanpl es. The high sensitivity pro-
vided by these techniques is espe-
cially inportant for studies of the
clean air nmsses associated with on-
shore wi nds and submicron particles
separated with inpactors.

Measurements have been made on
total filters and Andersen inpactor
stages collected at ground level and
froma 50-ft tower. The ground-level
measur enents showed contributions

fromlocal sources while the neasure-
ments on sanples collected fromthe
tower during onshore wi nds exhibited
concentrations conparable to other
rempte locations. The concentration
of Pb averaged about 29 ng/n? in the
ground level sanples collected during
March 1973. The Pb concentration in
sanples collected with the 50-ft
tower was less than 3 ng/n@, a val ue
conparable to the worldwi de back-
ground Pb estimte of about 1 ng/m3.
(See Tables 6 and 7.)

Many of the nmeasurenments of
aerosols collected fromthe 50-ft
tower during onshore airflow are less-
t han-val ues which are approximately
equal to or less than those val ues
reported at isolated sites such as
Greenland, the North Central Pacific,
and the Antarctic. (See Table 8.)
The sanpling nethods are being nodi-
fied to collect larger air sanples
to provide definitive measurements of
these ultra | ow concentrations found
in aerosols frommritine air masses.

Ea
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TABLE 6. Weekly Data from Andersen | npact or

S age Elemental dncentration (ng/m")
Cat e Nuntber Al B C1 Q@ Mg T V
5-27-73 to 6-3-73
1 400 + 40 <3 160 * 20 <6 430 £ 150 2.7 * 0.5 86 * 20 <10 0.4 £ 0.2
2 260 30 <1 220 30 <6 340 % 100 1.7 £ 0.4 220 ¥ 30 <10 0.4 * 0.2
3 168 + 20 <1 750 £ 90 <10 130 * 100 1.4 * 0.3 420 * 40 <20 <0.2
4 51+7 <3 570% 70 <8 <100 0.5 % 0.2 390 £ 40 <20 <0.2
5 266 <1 680 * 8 <9 <100 0.4 * 0.2 440 £ 40 <20 <0.2
6 <3 <1 120 <5 <70 <0.2 96 £ 25 <10 <0.2
7 <3 <1 <10 <4 <70 <0.2 44 £ 10 <6 <0.1
BUF <3 <3 40 <4 <70 <0.2 <10 <6 <0.06
7-2-73 to 7-8-73
1 <3 <1 <10 <3 <70 <0.2 <10 <5 <0.03
‘ <3 <2 <10 <3 <70 <0.2 <10 <5 <0.03
3 <3 <1 <10 <3 <70 <0.2 <10 <5 <0.03
4 <3 <1 <10 <3 <70 <0.2 <10 <5 <0.03
5 <3 <1 <10 <3 <70 <0.2 <10 <5 <0.03
6 <3 <1 <10 <2 <70 <0.2 <10 <5 <0.03
7 <3 <1 <10 <2 <70 <0.2 <10 <5 <0.03
BUF <3 <1 <10 <3 <70 <0.2 <10 <5 <0.03
North Gentral Pacific <100 5000 <2 <1000 <3 \ 5 <2
Atarctic 0.5 1.0 0.001
Nord Geenl and 240 300 3.4 160 1.6 9.2
TABLE 7. Conparison of Aerosol Pb Concentrations
Measured at the Quillayute Reference Station and O her
Renote Locations
Locati on ng/mé
Pristine Atnosphere 0.6
North Central Pacific 1.0
W ndwar d Cahu 1.7
Sout h | ndi an Ccean 1.0
North Indi an Qcean 4.0
Novaya Zem ya (USSR) 0.2
Greenl and 0.5
Antarctic 0.5
Laguna Mountain, Calif. (Mn) 4.0
White Mountain, Calif. (Mn) 1.2
North Central Pacific (B\W <4
Remote Continental U.S. (Avg. of 10 Sites) 22
Quillayute, Wash. (BNW Gound Level) 29 March 1973
Urban Location (Typical) 2000
Quillayute, Wash. (BNW 50 ft Tower) <3 COctober 1973
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TABLE 8. Conparison of Aerosol Stable Elenent
Concentrations Measured at the Quillayute Reference
Station and Qther Rermpte Locations

Qui |l ayut e, Washi ngt on Typi cal
H Vol  Andersen 1 cifm Total rth
Typical (2 wk) (1 wk (1 day) Central  Typical Nor d Mauna Loa
El enent Ur ban 3-5-2 7-5-7 10-10-73 Pacific Antarctic Geenland Hawai i
Al 4000 >90 <9 -- <1000 160 360
Br 150 7.6 <5 <2 1.0 3.2 5.9
(o} 500 >1040 <40 -- 5000 300 350
Cu 200 2.1 <9 <6 <2 3.4 4.8
Fe 4000 172 -- <5 9 0.5 166 430
Mg 2000 >120 <200 -- <1000 160 360
Mh 100 4.5 <0.6 <4 <3 1.6 7.6
Mo 3 <0.1 -- <1 0.17 0.077
Na -- <40 --
Pb 1300 27 <3 1 0.5 22 1.5
Rb 10 <0.5 <1
Sr 20 2.3 -- <1 <5 0.87 2.7
Ti 300 22 <20 5 . 9.2 30
\ 50Q <2 <0.1 - <2 0.001
Zr 10 <0.3 <1

THE PARTICLE SIZE DISTRIBUTIONS OF MANMADE
AND NATURAL RADIONUCLIDES

J. A. Young

At Richland, Washington greater than 90% of the short-lived
radon and thoron daughters and 88%of the cosmogenic 7Be were
present on particles too small (1.1 um) to have appreciable set-
tling velocities. The percentage of nuclear weapons radionu-
clides present on particles larger than 1.1 uym i s fairly large
soon after a nuclear test, but decreases fairly rapidly with time

Aerosol particles larger than particles smaller than 1 um. One of
about 1 um di am have appreciable set- the prine goals of the Radioactive
tling velocities. Therefore, nea- Fal |l out Rates and Mechani sms program
sured atnmospheric transport and depo- is to deternine atnospheric transport
sition rates for one material nmay not and deposition rates from neasure-
be applied to another material unless ments of natural and manmade radionu-

they are both primarily present on clides. Therefore, Andersen 20-cfm
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cascade inpactors are being operated
at Richland and Quillayute, Washing-
ton to determne the fractions of the
various radionuclides present on par-
ticles larger than 1 pym. This im
pactor separates particles into size
ranges of >7 um, 3.3 to 7 um, 2.0 to
3.3 um, and 1.1 to 2.0 um, and uses
a backup filter to collect particles
smaller than 1.1 pm

At Richland 94%of the thoron
daughter, 212Pb, and 91%of the ra-
don daughters, 21435 and 214Pb, in
the at nosphere were attached to par-
ticles snaller than 1.1 um. At Rich-
land and Quillayute the percentages
of the cosm c-ray-produced radionu-
elide, 7Be, on particles smaller
than 1.1 um were 88%and 84%, re-
spectively. It is evident that set-
tling can have only a mnor effect
on the total transport and deposi -
tion of these radionuclides. How

17
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ever, a considerably larger fraction
of the nucl ear weapons-produced ra-
di onucl i des was present on particles
larger than 1.1 pm One week after
t he Chi nese thernonucl ear test of
June 26, 1973, only 25%of the ra-

di oactive debris was present on par-
ticles smaller than 1.1 pm By Sep-
tenber 1973 the percentages of
several nucl ear weapons-produced ra-
di onucl i des present on particles
smal ler than 1.1 um averaged around
60 to 65% Shlieien et al. (°) have
reported that 400 days after the

| ast weapons test, 88%of the debris
was present on particles smaller
than 1.75 um diam Therefore, set-
tling may appreciably affect the
transport and deposition of nuclear
weapons-produced radi onucl i des soon
after a test, but the effect of set-
tling decreases with time and even-
tually becomes negligible.

TRACE POLLUTANT EMISSIONS IN FOSSIL FUEL COMBUSTION

L. A Rancitelli, K.

H Abel and W C. Wi ner

Measurements of trace elements in coal and flyask indicate
that substantial amounts of the potentially toxic elements Se
Hg, and As are emitted into the atmosphere by the Centralia coal-

fZzred electric plant.

El ectric power generation in the
next decade will rely to a large
degree on fossil fuel electric plants.
Federal standards regulate the re-
| eases of total particulate matter
and the gaseous by-products NO_ and

0, to the environment. Wile these
substances are by far the nost abun-
dant pollutants and have been shown
to have detrinental effects, poten-
tially toxictrace elenments including
Hg, Se, As, Sh, Pb, Cd, F, U, Cu, N,
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Zn, Be, Uand Th are also being
emtted i n unknown amounts. The con-

sumption of millions of tons of coa
per year at these electrical genera-
tion facilities may rel ease signifi-
cant anounts of these trace consti-
tuents in the coal to the environnment.

A detailed characterization of the
emtted materials, including eval ua-
tions of the chem cal conposition of
bot h gaseous and particul ate by-
products, chenical conposition of
the particulate fraction versus par-
ticle size, and the availability of
the toxic materials to the biosphere,
is necessary before environmenta
i npact can be established. There-
fore a program has been initiated to
characterize the emssions and to
eval uate the levels and environnenta
i npact of these trace constituents
at the Centralia SteamPlant in
Centralia, Washington.

The initial step was to perform a
mass bal ance using coal and flyash
sanples collected fromthe Centralia
facility. An estimate of the em s-
sion levels for nost elenents was ob-
tained using flyash concentrations
and the assunption of 99%efficiency
for the electrostatic precipitators.
Tabl e 9 indicates these outputs in
kg/yr for operation at peak capacity
and shows that substantial quantities
of Se, Hg, As, Co, Cr and Fe are re-
| eased. For the very volatile ele-
ments Se and Hg, a better estimate
coul d be obtained through conparison
of coal and flyash concentrations to
determ ne the amount |ost during com-
The loss for Hg was ap-
proxi mately 90%and for Se approxi-
mately 50% Both loss factors were

bustion.
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TABLE 9. Estimated Annual Em ssion

of Trace Elements fromthe Centralia
Power Pl ant

El ement Qutput - Kg/yr
As 155
Br 850
Co 290
Cr 720
Cs 15
Eu 20
Fe 220 x 10°
Hf 125
Hg 2,250
La 520
Sb 30
Sc 205
Se 8,300
Sm 90
Ta 85
Tb 15
Th 100
Yb 40

included in the calcul ated estimtes
for Se and Hy in the table.

Particulate flyash sanpl es have
al so been taken from the various
stages of the electrostatic precipi-
tators and in the stack beyond the
precipitators. Analyses of these
sanples indicate that at |least As and
Se are condensing onto flyash par-
ticles as the conbustion gases cool.
Ot her elements may al so condense onto
the flyash, and in this way some of
the toxic trace elenments may be con-
centrating on the fine particul ates
whi ch escape the electrostatic
precipitators.

The potential trace metal deposi -
tions fromthe Centralia stack ef-
fluents to the surrounding environ-
ment have been estinzted based upon
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the el emental discharges presented in
Tabl e 9 and assuming a conpl ete de-
posit of these materials within a de-
fined area. The maximumlimt of
deposition was assunmed to be 11.2-km

fromthe power plant. Investigations

by Dana et a1. (8 during rainstorns

i ndi cated that the maxi mumrenoval of
S0, occurred. between the plant and
this 11.2-km di stance. Two geome-
tries were used to estimate the trace
netal inputs to the surface environ-
ment; both of these geonetries
assumed 100% deposition of particu-
late materials within the designated
boundaries. The first deposition
geonetry is that of a sem-circle
with an 11.2-kmradius. The second
geonetry is that of a segment of a
circle with an 11.2-km radius and an
arc length of 10 km The | ength of
this arc corresponds to the maxi mum
pl ume spreading that Dana et al. (6)
were able to detect by ground-l eve
SO, measurenents at the 11.2-kmdi s-
tance from the stacks.

The annual el enental depositions
for each of these geonetries are pre-
sented in Table 10. Wile it is un-
likely that any of the elenents
listed will be deposited in quanti-
ties great enough to be detected
(above anbient levels) in the soils,
sone of these trace netals could sig-
nificantly increase the anbient con-
centrations in vegetation. Even
t hough the ambi ent el emental concen-
trations in soil may not be signfi-
cantly increased by these deposition
rates, the inpact to this phase of

19
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TABLE 10. Estimated Annual El enental
Deposition Around the Centralia Power

Plant

Deposition - mg/mZ/vr

Semi-Circle Segnent
El enent (192 km2 area) (56 kmZ2 area)

As 0.8 2.8
Br 4.3 15.1
Co 1.5 5.2
a 3.7 12.9
Cs 0.08 0.3
Eu 0.1 0.4
Fe 1115 3930

H 0.6 2.2
Hg 12.7 44.6
La 2.6 9.3
Sb 0.2 0.5
Sc 1.0 3.7
Se 42.1 148.2
Sm 0.5 1.6
Ta 0.4 1.5
Th 0.08 0.3
Th 0.5 1.8
Yb 0.2 0.7

t he environment cannot be di sm ssed
If the elements in flyash are nore
readily avail abl e for biological up-
take than their soil-derived counter-
parts, they can still present an

envi ronnent al hazard even though the
flyash may increase the natura
levels by a few percent. The nore
volatile elenents such as Hg, As, Sb,
and Zn, which night be expected to
condense on the surface of flyash
particles, are prime exanples of pol-
lutants readily available to the

bi osphere.
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ATMOSPHERI C NATURAL AEROSOLS AND FALLQUT PARTI CULATES

DURI NG 1973 AT RI CHLAND, WASH NGTON AND PO NT BARROW ALASKA

C. W Thonas

Radionuclide concentration at

Riechland decreased two- to ten-

fold during 1973, reflecting the lack of high-yield testing dur-

ing 1971 and 1972.
tions of 238py and 239

Time variations i n the atmospheric concentra-
Pu at Riehland and Point Barrow since 1964

have been typical of nuclear weapons-produced radionuclides ex-
cept for the increase in the 238pu concentration from 1965 to
1968 resulting from the SNAP-9A burnup.

The concentration of stable ele-
nments and radi onucl i des was neasured
i n atnospheric sanples collected in
1973. As indicated in Figure 7, the
concentration of radi onuclides asso-
ciated with weapons testing decreased
two- to tenfold during 1973 at Rich-
I and, Washington, reflecting the | ack
of high-yield weapons testing during
1971 and 1972. For the period 1971
t hrough 1973 the atnospheric radi onu-
clide concentrations decreased with.
a residence half-time of 11 nonths
simlar to that neasured from 1963 to
1966.

At nospheric weapons testing in the
northern hem sphere during 1971 and
1972 consisted of a 20-kil oton device
detonated i n Novenber of 1971, and
20- and 200-kil ot on devices in Janu-
ary and March 1972, respectively. In
June of 1973 the Chinese tested a
devi ce of several nmegatons, and. fresh
fission product debris was detected
on July 3, 1973. The concentration
of short and nediumlived radi onu-
clides were much |ower than those as-
sociated with the March 1972 tests
However, unlike 1972, the insertion
of debris into the stratosphere

should be relatively large and will

be reflected in the 1974 spring maxi -
mum In April 1964, a SNAP-9A genera-
tor containing 17 K G of 238py
burned at an altitude of 46 kmin the
sout hern hemni sphere over the Indian
Ccean, tripling the gl obal atno-
spheric inventory for this

radi onucl i de.

Measur ements o Pu in air sam
ples collected at Richland, Washi ng-
ton (46" N latitude) during the
period 1966-1972 were reported in
1972. During 1973 the atnospheric
concentration of 238pu and 23%pu were
neasured in surface air sanples col -
lected at Pt. Barrow, Alaska (71" N
[atitude) fromlate 1964 to 1972 as
a part of a programto define the
rates of |ong-term stratospheric pro-
cesses in the northern hem sphere as
well as the rates of inter-
henmi spheric m xing. The seasona
variation in the concentration of
238py and %3%pu in sanpl es col |l ected
at 71° Nlatitude were simlar to
t hose of other nucl ear weapons-
produced radi onuclides of strato-
spheric origin, with maxi mumconcen-
trations occurring in the early

f 238
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FIGURE 7. Radionuclide Concentration in Surface Air
at Richland, Washington

spring and mnimunms in the fall. butions from ot her atnospheric tests,
From 1965 to 1967 the 23%pu concen- primarily those conducted by the
tration decreased simlarly to that Chi nese and the French. The 238py
nmeasured at Richland, showi ng a concentration in the atnosphere from
resi dence hal f-ti me of about 11 1965 to 1968 increased steadily, in-
months and an origin prinmarily from di cating that 238pu from the SNAP-9A
the 1961-1962 U.S.-Russian test burnup had reached high northern
series. From1967 through 1970 the latitudes.

239pu concentration remained rel a- The 238Pu/239Pu concentration

tively constant, reflecting contri- rati o neasured at Pt. Barrow fol |l owed
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a pattern simlar to nmeasurenents
made at Richland. From 1967 through
1969 the concentration of SNAP-9A
plutoniumat Pt. Barrow remai ned
fairly constant, indicating 238py
was being transferred across the
equator into the northern hem sphere
at a rate conparable to the rate at
whi ch 238py was bei ng deposited on
the earth's surface in the northern
heni sphere. The 238py concentration
showed seasonal variation typical of
radi onucl i des of stratospheric origin,
indicating the transfer was taking
place primarily in the stratosphere.
The conparison of 238py concentra-
tions at Pt. Barrow and Richland
showed concentrations at Richland
about threefold higher than those at
Pt. Barrow. (See Table 11.) This
conparison was also noted for other
weapons-produced radi onuclides of
stratospheric origin.

The trace el ement concentrations
inthe air filter sanples collected

BNWL-1850 PT3

at Richland in 1973 (shown in Table
12) were determined using X-ray
fluorescence analysis to study back-
ground concentrations and the sources
of the trace elements. The ratio of
the concentration of each elenment to
that of iron was calculated and com
pared to the ratio in diabase (basalt)
to determine if the atnospheric con-
centrations of the element resulted
primarily frommaterial fromthe
earth's crust. The calcium titanium
chrom um and manganese in the air
probably were due primarily to basal -
tic dust. Nickel, zinc, arsenic,
brom ne, nmol ybdenum and | ead denon-
strated large contributions from

ot her sources. The brom ne-to-l ead
ratio of 0.15 is about what would be
expected from autonobil e exhaust.

The concentrations nmeasured in 1973
were simlar to those nmeasured in
1972. Monthly averages showed the
concentrations of those elenents
attributed to basalt reached maxi mum

TABLE 11. 239p, and 23%pu Concentrations in Air at
RichIand, Washington and Pt. Barrow, Al aska
Richland Alaska

239, 2385, 238Pu/239Pu 239, 238p, 238Pu/239Pu
1962 10.32 0.2367 0.02292
1963 6.423 0.1698 0.02644
1964 5.646 0.1886 0.03340
1965 4.740 0.07114 0.01501 1.3142 0.0256 0.01948
1966 1.719 0.1073 0.06271 0.6003 0.0576 0.09595
1967 0.9629 0.3672 0.3722 0.1622 0,0856 0.5277
1968 1.3667 0.3361 0.2459 0.4300 0.1289 0.2998
1969 1.3920 0.4983 0.3580 0.3941 0.0987 0.2504
1970 1.5744 0.2268 0.1441 0.3024 0.4976 0.1646
1971 1.6357 0.0952 0.0582
1972 0.8924 0.0735 0.0823

ia
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TABLE 12. Conparison of Aerosol Chem cal Conposition
at Richland, Washi ngton with Di abase (All val ues
normal i zed to iron)
Aer osol Di abase Aer 0s0
1972 1973 1972 1973
Ca 0.38 0. 397 1.01 0.377 0.393
Ti 0.114 0.101 0.082 1.39 1.23
Cr 0.0034 0.0027 0.0015 2.24 1.80
Mn 0.018 0.018 0.017 1.05 1.06
Fe 1 1 1 1 1
Ni 0.032 0.012 0.001 31.7 12
Cu 0.005 0. 0051 0.0014 3.57 3.64
Zn 0.018 0.0162 0.00 17.1 14.7
As 0.0018 0.0045 0.000028 62.9 161
Br 0.0184 0.0141 0.000006 3066 2350
Sr 0.007 0. 0048 0.0023 3.17 2.09
Mo 0.0003 0.00024 0.0000006 533 400
Pb 0.113 0.0928 0.0001 1130 928

val ues in the summer and m ni num

val ues during the winter, while those

el enents associated with | ead at-

BEHAVI R AND CHARACTERI STI CS OF RADI CACTI VE DEBRI S FROM THE

tai ned maxi mumvalues in the late

fall and wi nter and m ni num val ues

in the sunmer.

CH NESE NUCLEAR WEAPONS TEST OF JUNE 26, 1973

C. E Jenkins and R. W Perkins

Debris from the Chinese test of June 26,

served at

Richland 6 days |ater
fromthe grass-mlk-chi

1 nmmremon the west coast and 12 nrem in Mnnesota

1973 was first ob-
The maxi mum r adi oi odi ne dose
d-thyroid chain was estimated to be only

basis on which to estimte hazards

fromradioactive fallout. This test,
detonated at 0855 PST, was first ob-
served at our l|aboratory in Richland,

Fal | out debris fromthe Chinese
Peopl ' s Republic thernonucl ear test
of June 26, 1973 has been studi ed
with the aimof providing a better



Washington on July 3, 8 days later
Peak at nosphere concentrations oc-
curred 14 days after detonation. The
hi gh concentrations of 237y and

239Np indicate that it was a fission-
fusion-fission device. The ratios of
the various fission products indi-
cated very little fractionation rel a-
tive to fission yields. The 131y

was approximately 17%in particu-
late formwith the remaining 83%
bei ng divi ded about equally between

i norgani ¢ and organi c gaseous forns.
Particl e size anal ysis showed that
during the first week approxinately
60%of the particul ate debris was
associated with particles of »3.3 yu,
while 25%was associated with par-
ticles of <1.1 u. During the second

BNWL-1850 PT3

week greater than 60%was associ at ed
with particle sizes of <1.1 u. The
air concentrations and concentrations
on vegetation al ong the west coast,
were 2 to 3 orders of nagnitude | ower
than those resulting fromthe |ast
Chi nese nucl ear test of March 1972.

Fi ssion product ratios were very

cl ose to those produced in norma
fissionyield indicating very little
fractionation. A few grass sanples
from M nnesot a showed about an order
of magni tude higher fallout than

maxi mumfal |l out on the west coast.
The maxi mum dose estimate for the
grass-m | k-child-thyroid chain is
calculated to about 1 nremon the
west coast and 12 nremin M nnesota.

L 39
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TRANSPORT, DIFFUSION AND TURBULENCE

The following reports focus on modeling the physical behavior of the atmosphere and
its contaminants in or near the planetary boundary layer. This boundary layer extends from
the surface, where eddies on the order of a few centimeters transport material and energy,
through a layer on the order of 1 km where large eddies effect this transport. Because it is
the major receptor and conveyor of energy and matter emanating at the surface, certain
aspects of the planetary boundary layer must be understood in order to provide an improved
basis for assessing the environmental costs of national policy or the lack of it.

In the past Battelle's boundary layer research focused on the lowest 10% of the layer
& the logical starting point for describing the behavior of effluents near the ground and
stack gases of low buoyancy. Studies of turbulence, transport, diffusion, and deposition have
aimed at providing models to evaluate effects of postulated reactor accidents over relatively
short downwind distances. With increased number and size of nuclear power and fuel han-
dling facilities, it is now more important to deal with a greater number of large potential
sources distributed over broader geographic areas. Concurrently an increased desire to
assess low-level radiation effects is requiring more realistic atmospheric models where con-
servative models were adequate before.

Research reported in this section represents a transition between past and future
needs—a transition of emphasis rather than to new topics. Current topics of importance such
as regional transport, long-range diffusion and deposition, and resuspension are all ones that
have been part of the Hanford program at different times in the past to meet particular needs.
Consequently, the new emphasis is more accurately a reemphasis building on past Hanford
work.

The following reports show that attention in the last year has centered around these
areas:

1) Modeling diffusion and deposition in terms of models of turbulence intensity
and scale. The effort of the past year has focused on developing better techniques
for obtaining the turbulence parameters necessary for input to the Hanford turbu-
lent diffusion model under development.

2) Developing a basic understanding and models of surface layer turbulence for
determining energy and mass transfers to and from the surface a applicable to
diffusion, deposition and resuspension.

3) Determining and modeling deposition velocities through experimental field
studies with diffusing nondepositing and multiple depositing tracers.

4) Integration and evaluation of models for diffusion, deposition and resuspension.

5) Mesoscale transport and diffusion over Hanford (primary support by ARHCO) and
regional transport over the northwest.

The development and testing of improved measurement and analysis techniques.
All these efforts, some directly and others indirectly, constitute research necessary to formu-
late the planetary boundary layer portion of any atmospheric assessment model. This in turn
can be used by environmental impact and cost/benefit models for application to regional
planning assessments.

® ATMOSPHERIC DIFFUSION, DEPOSITON,

AND TRANSPORT PHENOMENA

FUNDAMENTAL TURBULENCE

PARTICLE RESUSPENSION AND TRANSLOCATION
FALLOUT PHENOMENOLOGY

ATLANTIC RICHFIELD HANFORD COMPANY
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A METHOD FOR DETERMINING MONIN-OBUKHOV L's FROM PROFILES

OF SUBJECTIVELY ESTIMATED MEAN WIND SPEEDS AND TEMPERATURES

D.

Powell

A method has been developed for calculating Monin-Obukhov L
values using wind and temperature data from the four lowest Zevels

of the Hanford 400-ft tower.

The L values computed by this method

are compared to L values computed from flux data from sonic ane-

mometers.
ment i s quite good.

For one unstable case and for one stable case the agree-
For a slightly stable case, where the esti-

mates of L differ by an order of magnitude, other logic favors the
L as estimated from the 400-ft tower data.

OBJECTIVE

A descriptionis given of a nmethod

of cal cul ati on of Moni n-Coukhov L val -
ues independent of the heat and nonen-

tumfl ux nmeasurenents that are in-
cluded in the definition of the L

L= —2— (1)
kg w'o'
wher e u, is the friction velocity,
related to the nomentumflux, o is
the absolute tenperature, k is Von
Karman's constant, g is the gravita-
tional constant, and w'o' is the heat
flux correlation. Such a nethod nay
be useful at sites where reliable
flux neasurenments are not avail able
and where L values are wanted for

particular tines or for climatol ogies.

METHOD

Busi nger et al. (1) have endor sed
the comput ation of gradients of wind
and potential tenperature by the use

of second order polynonmials in In(z).
The equations are

U(z) = A, + B, Ln(z) *+ C, Ln“(z) (2)

9(z) A. + B_ Lnz + C_, Ln“(z) (3)

e ] e
where T is the nean wind speed, @ is
the mean potential tenperature rela-
tive not to 1000 nb but to the | owest
| evel of neasurenment, and z is the

hei ght. The gradients are found by
differentiating(2 and (3:

dG/dz = Bu/Z + 2 Cu Ln(z)/z (4
d6/dz = BO/Z + 2 CO Ln(z)/z. (5)

Fromthese gradients the Richardson
nunber nay be obtained and thence z/L
since there is a one-to-one relation
bet ween these two stability param
eters. The relations used were also
taken from Busi nger et al. (1) For
unst abl e conditi ons the approxination
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z/L = Ri (6)
was used, where Ri is the Richardson
For stable conditions the
equation used to relate the two param-
eters was

number.

-0.74 + 9.4 Ri + /4.0 Ri + 0.55.
9.4 - 47 R1
(7

[ I3

This equation cannot be used for

values of Ri greater than 0.21 since

the denominator must remain positive
for the results to be meaningful.

Mention should be made of the fact

that a value of 0.35 for Von Karman's

constant is involved in the deriva-
tion of (7). Busch(z) points out
that this value obtained by Businger
et al. (1) does not agree with the
value of 0.4 obtained by other
investigators.

The coefficients in (2) and (3)
are obtained by a regression method
when data from more than three heights
are used. The data input for the cal-
culations reported here were:

1. the hourly average wind speeds
estimated from strip charts to the
nearest nph by an observer for the
7, 50, 100, and 200-ft levels of
the tower;

2. the instantaneous temperature pre-
vailing at the middle of the hour
and read to the nearest tenth of a
Farenheit degree for the 3, 50,
100, and 200-ft levels of the
tower.

The wind speed measurements were
taken from Bendix-Friez Aerovane
3-blade anemometers. The guaranteed
accuracy is *1.5 mph. The tempera-
ture is measured with copper shielded
resistance thermohms placed in a ra-
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diation shield and aspirated at the
rate of 10 cfm. The guaranteed ac-
curacy is *0.5°F.

COMPARATIVE RESULTS

Three comparisons will be given
between L values from the gradient
calculation method and from concur-
rent flux measurements from sonic ane-
mometers. |In each case the sonic ane-
mometer was operated as part of an
AEC-sponsored turbulence test. The
tests, known as EB-1, EB-11, and EB-6,
were taken under unstable, stable,
and slightly stable conditions,
spectively. The L values quoted from
the gradient calculation method are
those from the value of z/L, computed
from the Richardson number where z is
15 m.

For the unstable case the L values
from the gradient calculation method
and from the sonic-measured fluxes
are shown in Figure 1.
from the gradient calculation method
apply at the half-hour, while those
from the fluxes apply at the mid-
point of the test period analyzed.
Elderkin(®) has given values of -98 m
and -225 m for L for two periods of
the EB-1 data analyzed. When com-
pared with the L values calculated by
the gradient method, the comparison
is obviously quite good considering
the type of data used for the gra-
dient calculation method.

A similar comparison for the stable
case is given in Figure 2 for two
periods of EB-11 data analyzed by
Powell and Horst in another report in
this volume. This figure shows two

re-

The L values



L{m)

400-FOOT TOWER DATA
SONIC ANEMOMETER
FLUX DATA
-1000
-5004
|
-200}-
-100f—
_50 —
| ! |
1530 1630 1730
HOUR
Neg 740226-3
FIGURE 1. Conparison of Monin-

Cbukhov L Val ues Conputed from Sonic
Anenpmeter Flux Data with Those Cal -
culated fromProfile Data - Unstable
Condi ti ons

i ndependent values of L fromflux nea-
surements from each experinental pe-
riod. The L values were independently
computed using the flux data fromthe
anenoneters at 7.5 mand 15 mrather
than by averaging information from
the two | evel s as was done to conpute
the L values Elderkin quotes. Here
the conparison of the three indepen-
dent calculations of L again is quite
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cl ose, especially the calcul ations
fromthe two sets of sonic anenoneter
dat a.

For the slightly stable test, EB-6,
Elderkin(3) quotes a value of 4400 m
for L. Here the agreenent with the L
from the gradient cal culation method
is not as good. The L's conputed for
the 15-mlevel for the hal f-hour
tinmes before and after the md-time
of the data sanple were 435 m and
425 m, respectively. However, there
is also a question about the accuracy
of the flux nethod of calculation.

Kai mal and Businger(4) have shown
that to calculate the true heat flux
correlation, wie', fromsonic anenom
eter data, a correction term nust be
added which has a negative value if
the momentum flux is downward. The
raw w'o' value fromthe EB-6 anal ysis
was positive, which is true only for
unstabl e conditions. The corrected



heat flux was negative only because
the correction term added was of
greater magnitude than the original
sonic anemometer heat flux. There-
fore, considering the fact that the
test period was about 10:00 p.m., an
L indicating definitely stable condi-
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tions, as was obtained from the gra-
dient calculation method, seems more
credible than the nearly neutral L
obtained from the corrected sonic
heat flux measurement that was posi-
tive in uncorrected form.

DEPENDENCE OF SITE EVALUATION OF ROUGHNESS LENGTH AND DISPLACEMENT

LENGTH ON VALUE CHOSEN FOR VON KARMAN'S CONSTANT

D. C.

By using sets of values of Von Karman's constant,
length,

length, and displacement

values of the friction velocity.

culated from concurrent sonic anemometer data.
for Von Karman's constant,
of values of roughness length and displacement

using 0.35 or 0.40

nificantly.

Powell

roughness

the gradient calculation method
developed in the preceding paper may be extended to calculate

The criterion for validation is
agreement of friction velocity values so calculated with those cal-

constant should not be adopted for

particular

When this i s done
the associated sets
length differ sig-

These results indicate that a new value of Von Karman's
profile analysis of data for a

site unless the roughness length and displacement length
values assumed for the site are reevaluated.

This information will

be used in diffusion-deposition models at Hanford.

SUMMARY

The gradient calculation method
described in the previous paper may
be used to estimate values of the
friction velocity, u,, which may be
compared to the value of u, calcu-
lated by analyzing data taken concur-
rently from a sonic anemometer. For
this purpose observations taken in
nearly neutral conditions are re-
quired. The observations used were
the 400-ft tower data recorded at the
time of the AEC turbulence test, EB-8,
previously analyzed in some detail by

Elderkin et al. (5)
the value of u,

During this test
calculated from the
a'w' correlation was 0.48 mps. Val-
ues very closely approximating this
were calculated using the gradient
calculation method with either of the
following inputs

k Lo d
0.40m 0.03 m 0.4 m
0.35m 0.05m 0.2 m

where z, is the roughness length,
d is the displacement length, and k
i s Von Karman's constant.



The value of 0.03 m for z, agrees
with that previously published by
Horst and Elderkin(6) for the homo-
geneous area on the Hanford diffusion
grid. At the time of their analysis,
Von Karman's constant was considered
to be 0.4 without equivocation. But
since Von Karman's constant has been
reevaluated at 0.35 by Businger
et al.(l) and since other current in-
vestigators do not agree on a common
value [see Busch(z)], the possibility
of using either or some intermediate
value in analysis exists. The result
above shows that this cannot properly
be done without reconsidering values
of z, and d.

If the input wind speed data from
the Hanford 400-ft tower consisted of
three significant figures, the analy-
sis procedures of the gradient could
be extended to indicate a preference
for the first set of values given.
However, in view of the fact that the
input wind speeds were the integers:
11, 17, 19, and 21, the indicated
preference for the first row of fig-
ures cannot be considered as a sig-
nificant result.

Horst and Elderkin((’) computed a
displacement length of 1.4 m for the
homogeneous area. This figure dif-
fers from that calculated from the
400-ft tower data because the sage-
brush has been cut down over a small
area surrounding the tower. On the
other hand, the value of Z, indicated
for the two locations is the same.
Therefore, the displacement length is
indicated to depend on local rough-
ness, while the roughness length is
indicated to depend on integrated
roughness over the upwind fetch.
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When a displacement length is used,
the zero extrapolation height of the
wind profile is Zy + d, which is much
closer to d than to Zg- On the other
hand, z, is important in the equa-
tions as a turbulence-generating pa-
rameter since the predicted value of
u, is very sensitive to the value of
z, used. |If different values of z,
prevailed at the tower and over the
homogeneous area, there would be dif-
ferent amounts of turbulence over the
two areas.

A final point to bring out is that
Monin-Obukhov L values calculated
from the tower data are not very sen-
sitive to the differences in assumed
values of displacement length. The
variation of L is less than 10%when
d varies as described above.

DETAILS

The primary equations used in this
analysis are the expansion of the
mean wind speed, U(z), in second or-
der polynomials of 1n(z-d), and the
wind profile law in terms of z-d.
These may be written

U(z) = A, + B, Ln(z-d) + ¢, Ln’(z-d)
(L
u u
U(z) = o Ln - + = Ln(z-d) + ¥(329).
o

(2)
For very nearly neutral conditions
Cu and ¥[(z-d)/L] should be nearly
zero. Therefore like terms from (1)
and (2) may be equated:

uy = and (3)

u, = B k. (4)



The z, value in (3) should also be
the value of (z-d) in (1) for which
U(z) extrapolates to zero.

When the value of k may be any-
where from 0.35 to 0.4, it is possi-
ble for distinctly different sets of
values for Zg and d to satisfy all
these conditions. As a final condi-
tion we may require the nondimen-
sional shear defined by

- k(z-d) 4O
®m Uy dz (5)

to approximate the value given by
Businger et al.(l) for nearly neutral
conditions. When a displacement
length is added to the concept, their
equation reads

- z-d
o, = 1.0 + 3.0 T

+10.2 (%)2. (6)

The values for the variance coef-
ficients and parameters from the
analysis of the EB-8 data are given
in Table 1. The value of u, from the
sonic anemometer data to be matched
by calculations using the 400-ft
tower mean wind and temperature data
was 0.48 mps. The 400-ft tower tem-
perature data showed a very slight in-
crease of potential temperature with
height--above 0.003°K/m. Therefore,
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TABLE 1. Analysis of 400-ft Tower
Wind Profile Data at the Time of
Turbulence Test EB-8

k = 0.35 k = 0.40

Au 4.04 4,24
Bu 1.33 1.23
Cu -0.0072 0.0064
zo(m) 0.05 0.03
d(m) 0.2 0.4
Auk
u, = 1 (mps) 0.47 0.48
Ln —
z
o
u, = Buk (mps) 0.47 0.49
* _ k(z-d) 40
fbm = ———u* iz 0.96 1.04
*
5 (Ea. 6) 1.07 1.07
*
(z-4)/L 0.0214 0.0234

*Using z =15 m.

the second order coefficient, Cu, in
the expansion should be a small posi-
tive number and o, should be greater
than unity. For these reasons the
numbers in the table show a prefer-
ence for a value of 0.4 for Von
Karman's constant along with the asso-
ciated values of Zg and d.
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POWER SPECTRAL ANALYSIS OF TWO PERIODS OF TURBULENCE

DATA FOR VERY STABLE CONDITIONS

D. C. Powel

and T. W,

Horst

Sonic anemometer data from heights of 60, 15, and 7.5 m have
been analyzed for two 55-min periods during which the critical
Richardson number was attained at heights between 15 and 30 m.
The best organization of the spectra was achieved by plotting
dimensionless spectra, normalized by indZvidual variances, as

functions of dimensional frequency.

For the less stable 55-min

period the spectra from the 60-m level organize well with the
spectra from the Zower levels except at the lower frequencies

which are not included in the normalizing variances.

The fre-

guencies of maximum spectral energy at 25 and 7.5 m for the
three components average Zess than 60%of the values predicted

by previous modeling.

The parameterization of the data achieved

by using the dimensionless frequency of maximum spectral energy
fm is found to be in no way inferior to that using the dimen-
sionless frequency f, proposed by the A.F.C.R.L. investigators.

SUMMARY

Atmospheric turbulence analysis is
neither as objective nor as exact as
it appears to a non-meteorologist
reading turbulence literature because
of his interest in a particular ap-
plication. This paper illustrates
that fact with the analysis of stable
turbulence data which differs in cer-
tain important details from the state-
of-the-art model set forth by Kaimal
in 1973.(7)

The values of the dimensionless
frequency of maximum spectral energy
predicted by Kaimal's model average
about 1.7 times the measured values
from Hanford data taken at heights of
15 and 7.5 m. This ratio is 1.54 for
the 15-m level and 1.84 for the 7.5-m
level.

On the other hand, height depen-
dency is not found for the dimen-
sional frequencies of maximum spec-

tral energy. The dimensionless
spectra plotted as functions of di-
mensional frequencies collapse in the
middle and high frequencies for the
lowest two levels for the first 55-
min period and for all three levels
for the second 55-min period. The
spectral energy at low frequencies
at the 60-m level is not predictable
from the spectra at the lower levels,
other than to say that there is con-
siderably more low-frequency energy
at the 60-m level.

The principal application of spec-
tral models in current departmental
research is for use in diffusion-
deposition-resuspension modeling.
the basis of the information set
forth in this paper, it seems reason-
able to strip from the transport
model the provisions for scaling the
spectrum to correspond to a particu-
lar height under stable conditions.



DATA DESCRIPTION

The data analyzed for this report

were taken during two 55-min periods
in 1970:

2358 July 30 to 0052 July 31

0122 July 31 to 0216 July 31.

The array consisted of six logarith-
mically spaced sensors mounted on a
62-m tower of the Hanford diffusion
grid. Sonic anemometers were mounted
at 60, 15, and 7.5 m. Gill anemome-
ters were mounted at 30, 3.75, and
1.875 m. For this report only the
data from the three sonic anemometers
were analyzed.

During the first period non-sta-
tionarity prevailed in the form of
large meanders, particularly in the
lateral component. Conditions were
considerably more stationary during
the second period.

Profile Analysis

The profile analysis is given so
that the spectral analysis to follow
may be appropriately related to ex-
isting literature. The Richardson
numbers for various heights from the
400-ft tower data (see paper by
Powell entitled "A Method for Deter-
mining Monin-Obukhov L's from Pro-
files of Subjectively Estimated Mean
Wind Speeds and Temperatures™ in this
volume) encompassing the time span of
both runs, were supercritical over
part of the height span. The computed
Richardson numbers are as follows in
Table 2.
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The Monin-Obukhov L values com-
puted from the fluxes of heat and
momentum from the sonic anemometer
data at 15 and 7.5 m are in remark-
ably good agreement considering the
independent sources of the data.
These values along with U at 60, 15,
and 7.5 m are given in Table 3. The
times associated with the parameter
values are the mid-points of the
analysis periods.

An L value computed from the
fluxes at 60 m during the second pe-
riod turned out to be less than
0.05 m. During the first period the
heat flux at 60 m was_ even more dif-
ficult to evaluate; therefore no L
calculation was made. The good
agreement of the L values at 7.5 and
15 m with those computed from the
400-ft tower data is illustrated in

the report by Powell referenced
above.
TABLE 2. Richardson Numbers for the
Test Period
Time 2330 0030 0130 0230
Level (m)
60 2.27 0.55 0.80 0.34
30 0.87 0.31 0.37 0.22
15 0.33 0.17 0.17 0.14
TABLE 3. L Values from Sonic Flux
Dafa and Mean Wind Speeds
Tinme 0025 0149
Level (m) U (mps) L (m) U (mps) L (m)
60 7.0 - 7.3 -
15 3.7 12 3.6 21
7.5 2.5 14 2.5 22




SPECTRAL COMPARISON WITH MODEL BY
KAIMAL FOR 0.05 < Ri < 0.20

The model with which the power

spectra will be compared is that
given by Kaimal. (1) Kaimal 's equa-
tions are:
n S, i 0.164 £/(£f), n

o? 1+ 0.164 [£/(£) 173

a ' o’ o

o = u,v,w,

[fo)u = 0.5 Ri, (2)
(fo)V = 1.5 Ri, and (3)
(f), = 2.8 Ri (4)

where nS (n) is the logarithmic power
spectrum at frequency n, a; is a tur-
bulence variance, f is the dimension-
less frequency nz/U, and (£,0, is the
value of f for which the straight
line of the inertial subrange extrapo-
lates to a normalized spectral value
of unity. Ri is the Richardson
number.

Other investigators have given
their spectral models as functions of
£ the value of f for which a
sfhoothed version of the sample spec-
trum has its maximum value, rather
than £
f,1s that it must be subjectively
estimated due to lack of smoothness
in the sample spectra. There are
two disadvantages in using fg- In
the first place the value of the pa-

The disadvantage in using

rameter depends on the normalizing
variance, which in turn depends on
the frequency range used for calcu-
lation. Secondly the -2/3 slope of
the inertial subrange may not be
well defined.
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Kaimal relates £, and fm with the
approximate equation:

(£.), % 0.26 (£),. (5)

Substituting (5) into (1) yields an
equation of a more standard form:

RS ey 063 £/(£), 6)
ol 1+ 1.5[f/(fm)a]5/3

The initial comparison consisted
of two parts. First the values of fm
were estimated and compared to the
predictions from (2), (3), (4) and
(5) for each 55-min period and for
the 15 and 7.5-m levels. Secondly
the same comparison was made for f0
using the variances which correspond
to the frequency range stipulated by
Kaimal, i.e., 0.0045 Hz to 10 Hz.

The result of this comparison,
using 12 spectra in each case, was
that both fm and f0 were signifi-
cantly lower than the predicted
values.
predicted values to measured values
was 1.7 in each case. Among the
three components, the ratios were 1.3
for u, 1.7 for v, and 2.0 for w. For
the individual spectra the highest
and lowest such ratios were 2.60 and
0.93. The mean ratios for the two
periods were 1.5 and 1.9--the higher
ratio being for the more stationary
period.

No physical explanation for these
ratios can be offered at present.

One computational check was made.
Since Kaimal divided his hour-long
data samples into 16 equal parts and
averaged the spectra to get his re-
sults, additional analysis was done
with the Hanford data using segments

In fact the mean ratio of
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of this length. The values of fm ob-
tained were essentially the same as
for the 55-min segments.

Results indicate in two ways that
fo is not preferable to fm as a scal-
ing parameter. |In the first place,
the interchangeability given by (5)
is upheld by the present analysis
provided that the variance used for
normalizing the spectra is for the
frequency range 0.0045 Hz to 10 Hz.
Secondly the standard deviation of
the 12 £, values from the mean of
1.7 was 0.44 while the standard de-
viation of the 12 fm values was 0.30.
Thus the subjectivity associated with
smoothing the discrete spectral esti-
mates i s at least as great in esti-
mating fo as in estimating fm. There-
fore, in light of the need to choose
an arbitrary frequency band for its
specification, f, appears to have no
distinct advantage over fm for pa-
rameterizing this data set.

COLLAPSE OF DIMENSONLESS POWER
SPECTRA AS FUNCTIONS OF DIMENSONAL
FREQUENCY

The dimensionless power spectra
for u', v', and w' were plotted as
functions of dimensional frequency
and are given in Figures 3 and 4 for
each of the two 55-min periods. For
each component the dimensionless spec-
tra for the three heights, 60, 15 and
7.5 m, are superimposed. The normal-
izing variances are for the same fre-
quency range as that used to compute
the £, values. Therefore the at-
tempted collapse of the spectra is
for the middle and high frequencies
but not for the low frequencies.
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For the second 55-min period the
spectra from all three levels col-
lapse remarkably well to the same
general curve for the middle and high
frequencies. For the first 55-min
period the spectra for the 15 and
75-m levels are in close agreement,
but there is some separation of the
spectra for the 60-m level from the
others. Most important of all, in
neither case can the collapse be im-
proved by using a frequency shift
factor that changes with height ac-
cording to similarity theory.

It will be noticed that although
the Richardson number at 60 m is
supercritical for all times during
the two periods, the 60-m spectra
fail to collapse with the spectra
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from the lower levels only for the
first 55-min period. However, during
the first part of this period, the
stability was much greater than at
any time during the second period.

Also attention must be called to
the fact that the low-frequency por
tions of the spectra, the parts im-
portant for diffusion modeling, are
quite dissimilar when the 60-m spec-
tra are compared with those for the
two lower levels.

THE EFFICACY FOR STABLE CONDITIONS

OF A FREQUENCY-SHIFT FACTOR THAT

CHANGES WITH HEIGHT

The dimensionless frequency used

in Kaimal's model is
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f nz
= = (7
Ule  T(o) (£,
where
(f)y = CoRi(2) (8)

and where U(z) and Ri are the func-
tions of z/L given by Businger et
aI..(l) for stable conditions. The
frequency shift factor is Z/U(Z)(fm)a'
Since both numerator and denominator
increase with z, it is possible that
the change of the shift factor with
height is not greater than the un-
certainty of the absolute value of

the shift factor. To examine this
possibility we hold L constant and
compare the frequency shift factor as
z varies from 6 to 60 m. The result
is shown in Figure 5 for the special
case where the roughness height,
is3cm It turns out that for
L = 20 m, which is representative of
the test periods, the shift factor
varies over a ratio of 1.75 from 6 to

Z
o}

60 m. This is about the same as the
o 20
S
S8 |-
%1.6 -
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N
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=
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FIGURE 5. Frequency Shift Factor

Normalized by its Value at 6 m for
Selected Values of the Monin-
Obukhov L



factor by which our measured fm
values miss the predicted values. It
seems reasonable to state that if the
change of the shift factor with
height is a significant part of the
model, then the ratio within which it
occurs theoretically should be much
greater than some standard deviation
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of uncertainty regarding application
to particular cases.
this reasoning,

According to
the change of shift
factor with height does not seem sig-
nificant in view of the observed dis-
crepancy (which, however, may have a
physical basis) between the predicted
and measured fm.

COMPARISON OF DIFFUSION-DEPOSITION MODEL

COMPONENTS WITH EXPERIMENTAL RESULTS

C. E.

G. H. Clark*

Elderkin,
and P. W,

D. C. Powell,

Nickola

Estimations of crosswind integrated exposures (CIE) are made
with the Hanford diffusion-deposition model using a measured

vertical

velocity spectrum and a Hay-Pasquill B value from analy-
sis of concurrent turbulence data.

The crosswind integrated ex-

posures of both depositing and nondepositing tracers are modeled

reasonably well
indicated 8 value of 8,

position velocity i s extended,

by the measured spectrum and the experimentally
although both these components differ

significantly from the model-derived values.
the application of which supports

The model for de-

the parameterization given in previous reports.

INTRODUCTION

Previous Hanford tracer dispersion
experiments have been compared with a
model of vertical diffusion and depo-
sition in order to evaluate the depo-
sition velocities of particulates
under varying meteorological condi-
tions and to verify the description
of the combined processes of diffu-

sion and deposition. (8,9) The model

* Australian AEC representative on
temporary assignment at Battelle,
Pacific Northwest Laboratories.

utilizes surface roughness, wind
speed, and stability determined from
profiles provided by a routinely
operationing meteorological tower.
These serve as inputs to descriptions
of the turbulence spectrum, the ratio
of Lagrangian to Eulerian time scale,
B (required for the Hay-Pasquill dif-
fusion calculation), and the deposi-
tion velocity,
model.

as segments of the

More recently experiments have
been performed to provide independent
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field evaluations of these three seg-
ments of the model while simulta-
neously providing the concentration
data necessary for overall model
verification. The turbulence was
measured directly so that the true
spectrum of vertical velocity would
be provided. A line of turbulence
measurements along the mean wind di-
rection gave the quasi-Lagrangian
time scale(lo) as well as the
Eulerian scale for B estimates. De-
positing (zinc sulfide particulates)
and nondepositing (Krypton-85 gas)
tracers were simultaneously released
for direct determination of deposi-
tion. One of these experiments, Test
V-6, is discussed here and compari-
sons are made between measured and
modeled results.

MEASURED VERSUS MODELED SPECTRA

Comparisons were made between the
vertical velocity spectrum generated
by the model for a height of 15 m and
the spectrum measured at the release
height of 26 m (adjusted to represent
the spectrum at 15 m by increasing
the amplitude 14%). No scale change
was made, based on recent turbulence
analyses (see paper by Powell and
Horst in this volume) showing that
for cases of similar stability virtu-
ally no change in the scale of turbu-
lence with, height occurs because the
expected shift to larger eddy sizes
with increased height is offset by a
shift to smaller eddy sizes resulting
from increased stability with height.
The height of 15 m was considered the
representative height for diffusion

and transport. |t was found that the
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spectrum generated by the model was
similar in shape to the measured

spectrum with the exception that at
high
trum
-2/3
More

frequencies the measured spec-
falls off more rapidly than the
slope of the model spectrum.
importantly, the modeled spec-
trum is shifted to higher frequencies
than the measured spectrum by about
40%and also is about 20%smaller in

amplitude.

INDEPENDENT ESTIMATES OF B

The modeled Lagrangian to Eulerian
scale ratio is given as g = 19 for
the stability length L = 40 of Test
V-6. The value of g estimated from
correlations of turbulence measure-
ments spaced along the mean wind in
The
method of determining 8 was that fol-
lowed in (11). |t has been noted by
N. Z. Ariel and E. K. Byutner, (12)
however, that variability in both
speed and wind direction about the

this test was about 6, however.

mean values tends to reduce the quasi-
Lagrangian correlation coefficient
estimated in this manner because of
the dispersal of trajectory end
points for a given time lag, about
the mean position where the turbu-
lence data were measured.
ate this effect shorter time incre-
ments were selected where this

As shown in

To evalu-

dispersion was reduced.
Table 4, B for the vertical wind
component was largest when determined
over the shortest time increment of

7 min, ranging from 6 to 10. In the
table, W and W, are w' measured at
the third and fourth towers of the
turbulence array; 03’4(Tm) is the
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TABLE 4.

w Measured at Two Towers
Time T

Interval, (t.) m,

min p3,4 m sec
45-99 0.282 7.2
45-72 0.264 7.2
59-72 0.325 7.4
59-65 0.281 7.2
66-72 0.385 7.4

Estimates of 8 from Correlation Data for

Tem B = Tm/TEm
W3 w4 w3 w4
1.33 1.27 5.41 5.67
1.42 1.11 5.07 6.49
1.00 1.00 7.4 7.
1.24 1.20 5.81 6.
0.72 0.84  10.3 8.

maximum cross-correlation value be-

tween w, and w

3 is the time lag

4> m

at which the maximum cross-correlation

occurs; Tpo is the time lag at which
this same cross-correlation value oc-
curs on the Eulerian autocorrelation
functions of ws and Wy, as indicated.
A more reasonable estimate of B than
the average value of 6 would appear
to be B = 8, an average value for the
7-min calculations. This is still
considerably lower than the value of

19 generated by the model.

ESTIMATION OF CIE -
TRACER

NONDEPOSTING

When the model calculates the CIE
through the bivariate normal diffu-
sion equation, the modeled vertical
velocity spectrum and the modeled B
value serve as inputs to o, as itis
determined by the Hay-Pasquill tech-
nique. Though the modeled Eulerian
turbulence spectrum, which is shifted
to higher frequencies than the mea-
sured spectrum, tends to produce less
diffusion, this is offset by the mod-
eled B shifting the Lagrangian spec-

trum to lower frequencies than allowed

by the actual
measurements.

g, as determined by

Thus in Figure 6, the

crosswind exposure curve produced by
the model compares reasonably well
with the curve determined from the
measured spectrum and the experi-
mental value of 8 for g and very
closely for 8 = 10. In the figure
the curves for 8 = 6, 8, and 10 are
for estimation with the measured
spectrum. The curve for g = 19 is
for estimation with the modeled spec-
trum. Furthermore, comparison in
Figure 6 of measured exposures of
nondepositing Krypton 85 with these
calculated exposure curves where de-
position has not yet been included
al so shows good agreement, particu-
larly with the curve resulting from
the measured spectrum and the best
estimate of B8 = 8.

Modeling of turbulence spectra
underway in ongoing turbulence
studies is consistent with the spec-
trum observed during this experiment
and is leading to an improved turbu-
lence description in the diffusion-
deposition model. Ongoing measure-
ment of spatial and temporal
turbulence correlations should also
provide the needed improvement in
the model's description of B as a
function of stability.
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ESTIMATION OF CIE - DEPOSITING TRACER

When deposition is included in the
model, using the observed turbulence
and Lagrangian to Eulerian scale
ratio, the calculated crosswind inte-
grated exposures compare reasonably
well with the measured exposures of
depositing particulate zinc sulfide
tracer when a value of 8 for g8 is
used. Ratios of calculated to ob-
served exposures for distance from
the source where measurements were
made are given in Table 5. At the
first two distances, the surface mea-
surements were on the tails of the
vertical distributions, the surface
exposure being less than 2% of the
elevated centerline exposure at 200 m,

but at 800 m and beyond, the plume had
significantly intersected the surface,
with exposures at 800 m being more
than 25% of the elevated centerline
At 800 m and beyond, the
ratio of calculated to observed ex-
posures was consistently near 0.5,
suggesting that the particulate
tracer calibration yields exposures
too high by about a factor of 2 and
needs improvement. Along-wind mass
fluxes of the particulates calculated
through cross sections of the plume
reported by Nickola and Clark (see
"Measurement of Particulate Plume
Depletion by Comparison with Inert
Gas Plumes™ in this volume) confirm
the overestimation of the particulate
Nickola and

value.

exposures. However,
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TABLE 5.

Comparison of Diffusion-Deposition Model

EXposures with Measured Exposures

Downwind distance (m) 200 400

Calculated exposure

Observed exposure 0.064

1.78

800 1200 1600 3200

0.556 0.685 0.464 0.501

Clark are able to estimate that the

fraction of the plume lost at 800-m

distance from the source is 3 to 6%
of the quantity released in Test V-6.
The model estimates that 6%has been
lost at this distance, agreeing rea-
sonably well with observation.

MODELING OF DEPOSITION VELOCITY

The deposition velocity was as-
sumed in the model to be Vg = 3.0
u*z/ﬁ. This was found to give most
consistent results in evaluating
a set of dispersion data from over
the Hanford Grid characterized by sta-
bilities ranging from neutral to very
stable. This expression works well
again for Test V-6, where the calcu-
lated deposition velocity of 8 cm/sec
gives consistent comparison between
modeled and measured surface expo-
sures at distances where the plume
strongly intersected the ground. But
it must be questioned whether the
coefficient 3.0 would continue to be
appropriate for deposition over a
significantly different surface. To
comment on this, a slight extension
is made here of the initial simple
deposition model used, which assumed:
that (1) the eddy diffusivity for
momentum and matter are the same or
at least have a constant ratio,

(2) at Zy the surface serves as a

perfect sink for particulates and
(3) the flux of particulates as well
as momentum is constant with height
through the lowest few meters of the
plume. Strictly the latter is not
true for the early stages of the
plume where diffusion still controls
the shape of the concentration pro-
file near the surface. The transfer
is now considered to take place
through two regions: one the canopy
of vegetation extending to a height
zq and the other the layer of turbu-
lent air above extending to Zgs the
breathing height or the height at
which the exposure measurements were
taken.

Since the flux of matter is

where K(z) is the eddy diffusivity
and ¥ the average concentration,
integrating from the top of the
canopy to the exposure measurement

height gives

zZ _ _
dz_ _ X2 = X1
K(z) F

21

if the flux is considered constant
with height. Similarly for the wind
profile,
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Z

2 - -
dz_ _ U -0
K(z) 2

u
7 *
1

Then, if the diffusivities in this

region are equal,

where Ty, the concentration at the
top of the canopy layer divided by
the flux into the canopy,
sidered the resistance of the canopy
layer. Considerable investigation
of this resistance has been done by
sehmel et al. (*3) in a wind tunnel
for a limited number of surface types.
His work suggests that for particle
sizes comparable to the mean diameter
of the zinc-sulfide tracer particles
used in the field experiments dis-
cussed here the resistance to trans-
fer is low and that the transfer re-
sistance of the turbulent air above
is approached as the limiting factor
in determining the deposition veloc-
ity. For smaller particles this is
not the case; the resistance of the

is con-

canopy to transfer of the particu-
lates becomes dominant. The deposi-
tion velocity, then, is

1
U, - 4y

and if the canopy resistance is small
compared to the resistance of the air
above, for the particulates of in-
terest at the moment,

Uy
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Measurements of the wind during
Test V-6 gave 2.9 mps and 2.6 mps
for Uz at 1.5 m and Ul at 0.8 m
respectively. The deposition veloc-
ity can then be estimated as

This is clearly too large, most
likely because of the difficulty in
measuring a representative U, - Ul
(the wind profile was measured in an
area with lower and sparser sagebrush
than typically found over the diffu-
sion grid so that the measured
U, - Ul was smaller than a character-
istic value) and because some canopy
resistance still Yet this
result corroborates the reasonable-
ness of a factor of 3 rather than 1
in the deposition velocity expression
which was found to give the best re-
sults with diffusion-deposition
experiments.

Expressing the deposition velocity

remains.

V = — — »
2 Y1 o0x

Uy U, F
we can see that the first term in the
denominator, ﬁz/u*z, is the total at-
mospheric resistance to momentum trans-
fer below Z,, the second term Uz/u*‘,
is the resistance to momentum transfer
below the top of the canopy, and the
third term, x/F, is the resistance to
particulate transfer below the top of
the canopy.

In general then the deposizion
velocity will deviate from u,f/ﬁ2 as
momentum and particulates are trans-
ported and removed in differing ways
through different canopies. For ex-
ample, if U‘l/u*2 and Yl/F are equal




or if both are small (as with dense,
porous, leafy vegetation strongly ab-
sorptive of both momentum and par-
ticles) the deposition velocity would
approach u*z/ﬁz. But if Ul/u,,2 is
large while xl/F is small (as in open,
somewhat sparse vegetation, offering
less resistance to momentum but still
serving as a good filter especially
for large, easily impacted particles)
the deposition velocity would exceed
u*Z/UZ. If, on the other hand, can-
opy resistance to particle transfer,
il/F, is larger than the canopy rzsis-
tance to momentum transfer, Ul/u* ,

44
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then deposition velocity will be
smaller than u*z/ﬁz. Such might occur
where a rugged canopy offers much
mechanical roughness, increasing mo-
mentum transfer, but sparsity of
leaves and total surface area mini-
mizes particle removal by the canopy,
particularly for sub-micron particles
with poor impaction properties.

For a thorough description of de-
position much more information must
be
of
of
of

developed regarding diffusivities
momentum and matter for a variety
surface canopy types and a variety
pollutant materials.

ESTIMATION OF MEAN CROSSWIND CONCENTRATION PROFILES FROM

"INSTANTANEOUS"

CROSSWIND TRAVERSES

P. W Nickola and G. H.

Clark*

Detailed real-time concentration histories available from use

of the 8%k» inert gas tracer system permit the simulation of air-
craft crosswind traverses through a diffusing plume. The results
of such simulations are presented for a tracer release in a ther-
mally stable atmosphere. The standard error of estimate of the

peak crosswind exposure was found to be in excess of 100%of the
true value for a single traverse at either 800 or 1600 m from the
source. This error i s reduced to 25 to 30%i f 6 traverses are

presumed to have been flown. For crosswind integrated exposures
standard errors are found to be about 40% and 15% for one and six

traverses respectively.

Standard errors for other numbers of

traverses are presented graphically.

In field measurements designed to
define dimensions and concentrations
of plumes of atmospheric pollutants
(or tracers simulating pollutants), a

* Australian AEC representative on
temporary assignment at Battelle,
Pacific Northwest Laboratories.

fixed sampling grid has one great ad-
vantage over mobile sampling ap-
proaches. Fixed samplers monitor con-
tinuously and hence integrate the
total impact of a tracer or pollutant
Moving
samplers depend upon "grab" samples

at each sampling location.
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to estimate the integrated concentra-
tion of a tracer or pollutant at a
series of locations.

Conversely, mobile samplers have
several advantages over fixed sam-
plers. As the need to sample extends
to large distances and relatively
large elevations above the surface,
fixed samplers become impractical.
Rugged terrain, bodies of water or
other physical barriers may preclude
establishment of fixed samplers. |If
the sampler required is reasonably
sophisticated, the cost of obtaining
and operating more than a few can be
prohibitive. Mobility here is an
asset. In contrast to the fixed sam-
pling grid., mobile samplers may be
taken to a specific site with relative
ease.

The Battelle Cessna 411 aircraft
has been instrumented and is being
further instrumented* for measurement
of atmospheric tracers. It
tended that the aircraft be flown in
a series of crosswind traverses

is in-

through a diffusing tracer plume in
order to define plume dimensions and
concentrations at various distances
from the release point. A question
remains as to how applicable the mea-
surements made on these short dura-
tion crosswind traverses can be in
efforts to model the mean plume. The
detailed real-time histories of plume

* See accompanying reports entitled

"Elevation of an Airborne Fluores-
cent Particle Counter for Atmo-
spheric Tracer Studies,”" by M. M.
Orgill and P. W. Nickola and "A
Real-Time System for Detection of
the Atmospheric Tracer Sulfur Hexa-
fluoride,” by M. C. Miller and

R. N. Lee.
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concentration generated on the Hanford
85Kr field grid offer some insight in
this problem area.

Currently 127 sensors are deployed
on the krypton field grid. Samplers
are located on sectors of arcs lo-
cated at 200, 800 and 1600 m from the
release point.

During the field experiment of
terest, krypton was released from an
elevation of 26 m for a period of
30 min beginning at 0516 PST on Sep-
tember 13, 1973. Concentration mea-
surements made at an elevation of
1.5 m on the 800 and 1600-m arcs were
used in compiling the results reported
in this paper. In the lowest 100 ft
of the atmosphere, the initial tem-
perature inversion of about 2.0°F de-
creased to about 1.5°F during tracer
Wind speeds during the ex-
periment remained quite constant.
Speeds were 2.9, 5.3 and 6.8 mps at
elevations of 1.5, 15 and 30 m
respectively.

Atmospheric concentrations of
krypton were monitored continuously
at each sensor and were recorded as a
series of 10-sec mean concentrations.
During Test V-6 the tracer remained
within the crosswind bounds of the
sensors as it traversed the 800 and
1600-m arcs. It is assumed that if
an aircraft had been able to pass
crosswind at an elevation of 1.5 m,
it would have "seen" the crosswind
distribution measured by the krypton
detectors during a 10-sec time in-
crement. This assumption may be moot,
but such factors as the mixing of
sampled air within the aircraft sam-
pler intake tubing, and the finite

in-

release.



response time of the aircraft detec-
tion and recording systems contribute
to a smoothing effect on tracer con-
centrations that may originally be
present at the aircraft sensor intake.
Figure 7 plots crosswind integrated
exposures (CIE) at 800 m as a function
of time after onset of release of
tracer. Data have been normalized to
unit source strength. Each dot rep-
resents a 10-sec CIE measured by the
continuously monitoring krypton de-
tectors. Each traverse crosswind

BNWL-1850 PT3

through the plume by the aircraft
would result in one CIE measurement,
i.e., one dot.

An aircraft is presumed to have
traversed crosswind through the plume
periodically for a total of 3, 6, 12,
and 24 traverses, and crosswind dis-
tribution of exposures is deduced
from these traverses. These traverses
were restricted to the period from 5
to 29 min after tracer release began.
No leading or trailing edge effects
should be present during this period.
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FIGURE 7. Crosswind Integrated Exposure as a Function

of Time, Test V-6, 800-m Arc
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In other words, this period of plume
equilibrium should give statistics
identical to those which would be ob-
served had the plume been emitted con-
tinuously instead of over a period of
only 30 min. (In fact, it
from Figure 7 that these integrated

is obvious

concentrations increase with time.
This increase is likely due to the en-
hanced vertical diffusion from the
aloft plume which, in turn, results
from the slight erosion of the tem-
perature inversion during the tracer
emission period.)

The actual times of presumed air-
craft traverses are indicated at the
top of Figure 7. Figures 8 and 9
show the crosswind profiles resulting
from these assumed traverses at 800 m
The measured true
profile as determined from the con-

from the source.

tinuously operating samplers is also
presented. It is trite but true that
12 or 24 traverses result in a better
estimate than do 3 or 6 traverses.

TEST V6 ]
800 m

3 TRAVERSES

£, secim®x10°®

108 110 12 14 16 18 120 122 124 126 128 130 132
AZIMUTH. DEGREES

Neg 740787-4

FHGURE 8. Observed Crosswind Distri-
butions of Exposure and Similar Dis-
tributions Based on "Instantaneous"

Crosswind Traverses, Test V-6, 800-m
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FHGURE 9. Observed Crosswind Distri-

butions and Similar Distributions
Based on " Instantaneous'" Crosswind
Traverses, Test V-6, 800-m

Of course, all these curves are only
samples of a great number of similar
combinations of traverses that could
have been employed to construct cross-
wind estimates. |t is not necessary
that the traverses be evenly spaced
in time as is suggested at the top of
Figure 7. However, it is necessary
to avoid the bias that could be intro-
duced by repeating sampling over an
interval short enough to result in
sampling the same short-term "eddy"
This difficulty would likely
not arise in actual aircraft sampling
procedure since there is finite
length of time involved in turning
the aircraft to return for another
sampling traverse.

As stated above, Figures 8 and 9
give only example distributions. The
remains as to how many

twice.

question still
traverses are required to obtain a

reasonable approximation of the true
profile.
ance toward making that decision.

Figure 10 gives some guid-
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AGURE 10.

Standard Error in Measurement as a Function

of the Number of Traverses Through the Continuous Plume,

Test V-6, 800 and 1600-m

Here data are presented for the
1600-m arc as well as the 800-m arc.
The standard error of measurement is
given as a function of the number of
traverses through the continuous
plume.

For the peak exposure (E/Q), Fig-
ure 10 indicates that if only one
traverse were made, the standard
error is about 120%of the actual
value. Thus on the basis of one tra-
verse there is about one chance in
three of estimating the peak E/Q too
high or too low by more than 100%.
It would require six traverses to re-
duce the standard error on the peak
E/Q to less than 30%. For CIE values,
one traverse results in a standard
error of about 40%, while six tra-
verses result in a standard error of
about 15%of the true value. The
added dividends in accuracy accruing

to repeat traverses decreases after
siXx or seven traverses.

On the basis of this one experiment
there appear to be minimal differences
in the standard errors for the com-
puted parameters for 800 and 1600 m.

As mentioned earlier, the atmo-
sphere was thermally stable during
this test. (Based on temperatures
and winds measured at 2 and 15 m,
Richardson number was 0.06.) For
other stabilities, the efficiency of
'a given number of traverses as pre-

the

dictors will likely vary from those
reported here. Further, since tracer
release was from an elevation of 26 m
during experiment V-6, the peak expo-
sure experienced at the 1.5-m eleva-
tion is unlikely to approximate that
at the centroid of the plume. The
standard error statistics would
likely vary with distances from the



centroid. Such values should be de-
vel oped for tower sanples nearer the
centroid. However, the data pre-
sented here were to a large extent
hand generated and therefore rather
limted in number. A conputer pro-
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gramis envisioned which will rou-
tinely generate standard errors for
each sanpling location. Better esti-
mates of the error versus the nunber
of traverse statistics should then be
avai |l abl e.

MEASUREMENT OF PARTICULATE PLUME DEPLETION BY

COMPARISON WITH INERT GAS PLUMES

P. W. Nickola and G. H. Clark*

The successes and shortcomings of the 1972-73 series of multi-

tracer releases are reviewed.

Tracers were dispersed to the atmo-

sphere simultaneously from an elevation of 26 m. Although the

particulate tracer, zinc sulfide,

showed strong evidence of

depletion in the near-ground layers, problems in calibration of
the tracer assay technique complicate the specification of the

magnitude of this depletion.

Estimation of the zinc sulfide

deposition was accomplished through comparison with the nondepos-
iting, inert gas tracer, krypton-85. The krypton displayed strong
evidence of "reflection" from the ground on one of the three
experiments examined. The density of vertical samplers on the
field measurement grid i s currently not great enough to permit

mass balance computation of high confidence.
about 1% of the particulate zinc

into an unstable atmosphere,

Following release

sulfide i s estimated to have deposited before the plume reached
200 m. During one release into a stable atmosphere, 0 to 1%

of the tracer deposited during movement to 812 m.

During release

into a somewhat |less stable atmosphere, from 3 to 6% of the partic-
ulate zinc sulfide was deposited during traversal to 842 m.

INTRODUCTION

A prine purpose of the series of
tracer field releases on the Hanford
field diffusion grid during the 13
mont hs begi nning COct ober 1972
was to make measurements pernmitting

* Australian AEC representative on
tenporarﬁ assignment at Battelle,
Paci fi ¢ Northwest Laboratories,
Ri chl and, Washi ngton.

estimates of deposition from partic-
ulate plunes. Analysis of the field
results available to date does not
justify a firmquantitative descrip-
tion of particulate plume depletion
due to contact with the ground and
veget ative surfaces. However, evi-
dence suggests that the approach of
this investigation holds promnse of
success. The main purpose of this
note is to present this evidence and
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to present a minor amount of infor-
mation on the magnitude of partic-
ulate plune depletion.

The field technique enpl oyed en-
tails the sinultaneous rel ease of an
i nert gas, krypton-85, and one or
nmore particulate tracers fromthe
same location. The downwind air
concentrations of the depleting par-
ticulate plumes are conpared with
concentrations of the nondepleting
krypton. The expected deficit of the
particul ates can be ascribed to
deposition and other unspecified de-
pl eting mechani sms which occur pri-
marily at the earth-air interface
One admitted difficulty with this
technique is that neasurenment and
anal ysis procedures which may be per-
fectly adequate for atmospheric dif-
fusion studies may |ack the accuracy
and precision required in detection
of (potentially) small differences in
concentration. The adequacy of the
currently used field tracer tech-
niques is also considered inthis re-
port.

FIELD GRID AND EXPERIMENTS

The nultitracer field approach has
several logistic or practical restric-
tions when contrasted with nore con-
ventionai single tracer diffusion
studies. It requires sinultaneity
in dispersion and sanpling for the
nunber of tracers involved and,
hence, additional manpower. Further
if the field sanpling grids for the
various tracers do not extend over
the sane range, the frequency of
opportunity of field experinents is
l[imted by the restrictions inposed
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by the smallest grid. |In the current
situation, the krypton sampling grid,
with its relatively sophisticated but
limted array of sanplers, dictates
a lesser range of wind directions
acceptable for field experiments

than woul d be permissible with the
particul ate sanpling grid.

During the 17 tinmes the multi-grid
system was activated during the cur-
rent test series, weather and equip-
ment "cooperated"” sufficiently to
justify actual tracer releases on
eight occasions. Al releases were
fromthe 26-m el evation on the
Hanford 125-m met eorol ogy tower
Test identification, tracer released,
and sone pertinent meteorol ogy are
listed in Table 6. Abbreviations
enployed in this text to identify
specific tracers are footnoted at the
bottom of Table 6.

Field sampling for the particu-
lates took place on filters placed on
a grid of sectors of six arcs con-
centric (or nearly so) about the
tracer release tower. The angle em
braced by the sanpling arcs was
approximately 80°. The basic sam
pling elevation was 1.5 m Distances
of the sanpling arcs fromthe rel ease
poi nt were approximtely 0.2, 0.4,
0.8, 1.2, 1.6 and 3.2 km.* Addi-
tionally five towers spaced at 8°
increments were found on each of the
arcs at 0.2, 0.8, 1.6 and 3.2 km
Sanplers on these towers reached to
el evations of 33, 42, 62 and 62 m,

* Arcs at 0.8, 1.6 and 3.2 kmare
actual Iy concentric about a point
100 m due south of the rel ease

oint. Thus, the distance fromre-
ease point to arc varies with
azi nut h.
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TABLE 6. Tine, Tracer and theorolo?y Pertinent to
MuTti-Tracer Releases from 26-m Level, 1972-1973
Period of Tracers Mean Wind Speed at A Temp Ri (a)
Test Date Release Released 2 m 30 m 30m -6m (2,15)
V-1  10/26/72 0930-1000 Fp,®) kr,(¢) 4.0 m/sec 5.8 m/sec -1.7 °F -0.22
Rhod (d)

V-2 11/09/72 1030-1100 FP, Kr, Rhod 2.6 4.2 -0.9 -0.03
V-3 11/16/72 0955-1025 FP, Kr, Rhod 2.7 3.8 -1.4 -0.08
V-4 12/12/72 1049-1120 FP, Kr, Rhod 1.2 2.7 -0.9 0.28
V-5 09/05/73 0601-0631 FP, Kr, Rhod 1.4 4.6 1.5 0.08
V-6 09/13/73 0516-0546 FP, Kr, Rhod 2.0 6.7 0.9 0.06
V-7 09/25/73 1201-1231 FP, Kr 3.3 4.3 -2.2 -0.31
V-8 11/28/73 1125-1142 FP, Indiun(®) 1.7 2.8 -1.0 -0.29
a. Ri (2,15) Richardson number for layer between 2 and

15 m.
b. FP Fluorescent particulate ZnS, with mass median

diam of about 5 um.
c. Kr Krypton-85, an inert radioactive gas.
d. Rhod Rhodamine B particulate, with mass

median diam of about 0.8 wum.
e. Indium Indium particulate, with mass median diam

estimated at 0.1 um.

respectively.

smal |

i nt ernal

Vacuum for sanpling
was supplied by punps powered by

conmbustion engines.
The grid instrunented with 127

krypton-85 detectors was restricted

to three arcs

Verti

cal

Basi c sanpling leve
again was at a height of 1.5 m
azimuths enbraced by krypton detec-

tors were 58, 40 and 15° at 0.2, 0.8
and 1.6 kmrespectively.
mount ed detectors were operative only
at 0.2 and 0.8 km

Tower-

The

profiles of wind speed,

wind direction and tenperature were
at the

measured on the 122-m tower
source point and on a nearby 24-m

t ower .

DATA REDUCTION

The two field sanple assay tech-

niques felt to be best

“in hand"

at

the onset of this test series were

for FP(14) and Kr.(ls’lé)

A1l filters

fromeach of the eight experinments

have been assayed for FP.
the assay procedure used was
vel oped about 13 years ago. It
seen that to attain the nore

However,

one de-

is now
accurate

mass neasurenent required by this test
series the pp assay procedure is in
need of refinenment and that the Rankin
counter used in assay is in need of

recal i bration.

Steps are currently

under way to effect these inprovenents.

Once they are conpl et ed,
be reassayed for FP.

will

all filters

Two probl ems have disturbed the
smoot h reducti on of the Kr neasure-

nents.

The first

i nvol ved a mal func-

tion of a tape recording system dur-

ing the four 1972 tests.

The result

was the interjection of a consider-
abl e nunber of spurious signals



bet ween or over neani ngful Kr con-
centration neasurenments. A long and
frustrating iterative process of
editing tape output, reprogranm ng,
and generating new out put has only
recently resulted in the retrieval of
a conplete set of valid data for test
V-2. Indications are that a simlar
approach will obtain valid v-1 data.
However, retrieval of Kr data from
tests V-3 and V-4 is in considerably
greater doubt.

The second problemw th the Kr
data invol ved possible faulty con-
trol of a high voltage. This may
have caused a reduction in K detec-
tor count rate (and resultant indi-
cated concentrations of Kr) during
sone periods of field operation. A
careful exam nation of operational
notes taken during field experiments
and of acconpanyi ng background count
rates may pernit diagnosis of the
sanpl ers affected and of the nagni -
tude of the effect.

Since the analysis of a filter
for rhodami ne is a destructive assay
technique, it will be delayed until
after the filters are reassayed for
FP. (The FP assay is nondestruc-
tive.) Al though our chenists feel
that filter assay for indiumwll be
feasible, the specific procedure
has not yet been devel oped.

For conpl eteness, Table 6 lists
all eight field tests in the current
series. However, the analysis and
di scussion which followresult from
Kr and FP neasurenments made during
field tests V-5, V-6 and V-7 only.
As nentioned earlier, recording
probl ens have precluded the decodi ng

BNWL-1850 PT3

of Kr measurements fromtests v-1
through V-4. (The valid K data
fromtest V-2 becanme available too
late for inclusionin this report.)
Since it was raining at the onset of
test V-8, it was decided not to
chance exposing the krypton system
Gieger-Miiller detectors during that
experiment.

ANALYSI'S AND DI SCUSSI ON

Despite awareness of the limta-
tions inposed by calibration uncer-
tainties, a nass bal ance was at -
tenpted on tracer passing the 200 and
842-marcs during test V-6. This
test was sel ected since all tracer
(above the 1.5-m elevation) was con-
tained within the crossw nd di nension
(y) delineated by the five towers on
each arc. The procedure entailed
specification of normalized exposures
(E/Q, With units of sec/m%) at all
neasurenent points on the vertical
surface. |Isopleths of EFQwere then
drawn on the basis of these data
points. Figures 11 and 12 show iso-
pleths of EFQat 842 mfor K and
for FP. The dashed isopleths are
extrapol ati ons above the tops of the
42-m towers.

After isoplething, a value of EZQ
was interpolated for each box in a
grid with dimensions of one nmeter in
height (z) and one degree in cross-
wind width. The interpolated E/Q
val ues were sunmed crosswi nd and nul -
tiplied by their crossw nd spacing
increment (Ay, with units of neters)
to obtain crosswind integrated expo-
sures (CIE/Q, with units of sec/mz).
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Exam nation of vertical wind profiles

nmeasured during tracer release pro-
vided wind speeds ( with units of
m/sec) which, when multiplied by
100 (CIE/Q) gave the percentage of
tracer passing through the vertica
surface per meter increment in height
(P, with units of %/m).

It is obvious froma cursory ex-

am nation of the isopleths on Figures
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11 and 12 that the exposures of FP
are consi derably greater than those
for Kr. This fact is reflected by
the summation of P over all levels
This sum (2, with units of %)wll
total to 100%for a perfect mass bal -
ance. At 842 mfor test V-6, Igr =
37%and Iy, = 133% Although the
graphics are not presented for the
simlar procedures performed at the



the sums found there are
; = 57%and z, = 198%

There are several potential rea-
sons for the large discrepancy from
the ideal. As has already been
mentioned, a miscalibration in assay
technique is one possibility. Mis-
measurenent of the anount of tracer
di spersed is another. Poor
pl et hi ng (whether due to ineptness
or paucity of data points) is a
third possibility. M sneasurenent
of the wind speed profile could in-
troduce an error, though hardly one
of the magnitude displayed.

In any event, if it is presumed
that the measurenents nmade of tracer
concentration were correct in a
relative sense (as opposed to abso-

200-m arc,

Lg

iso-

lute), the percentages actually ob-
served can be normalized to total to
100%, and the vertical profiles of

Kr and FP can be conpared. This
normal i zation procedure led to the
profiles shown on Figure 13. Here
there is reasonabl e agreement be-
tween tracers. Cumulatively summ ng
tracers fromthe ground |evel upward
reveal s 50%of the tracer bel ow
25.6 mfor both Kr and FP at the
200-marc. At 842 m, the fiftieth
percentile is reached at 24.8 mfor
the Kr and at 24.2 mfor the FP.
Extrapol ation above tops of the
towers at 200 m accounted for 18% of
the Kr and for 14%of the FP. At
842 m above-tower measurenents ac-
counted for 10%of the mass in both
cases.

Probably the npbst encouraging
point made on Figure 13 is the in-
crease in Kr percentage observed in
the lowest 5 mof the 842-m curve
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This increase is very likely due to
the (so-called) reflection fromthe
ground of this inert gas. Contrast
this increase with the sharp decrease
in percentage of the particulate FP
inthe lowest 5 m This contrast in
near ground-level exposures is also
evident in the exam nation of
Figures 11 and 12. These differences
suggest strongly that the experi-
mental approach has good chance of
success if the mass or concentration
measurenents can be better quantized
Al t hough the isoplething and sub-
sequent conputations of tracer per
unit increnent in elevation are
amenabl e to conputer processing, the
results presented above were tedi-

ously generated by hand. The ques-
tion arises as to how much better is
this careful approach than a sinpler

qui ck-and-dirty (QAD) approach.
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Hence, for test V-6, the fraction by the vertical spacing of data
of tracer per neter of elevation measurenment points, the total tracer
was computed for the seven Kr nea- passing each arc--up to the top
surenent levels and for the 17 or measurenent | evel--could be com--
18 FP nmeasurenment levels. Here puted. These sums are indicated at
only five data points were used for the appropriate elevations on Fig-
conputing the crosswi nd integrated ure 14.
exposures. (In test V-6 the end The individual dots and X's
data points were zero since no plotted on Figure 14 are those gen-
tracer was observed on the towers at erated by the careful isoplething
the extremties of the crossw nd approach. (The values plotted here
distribution.) The vertical pro- were not nornmalized to force a total
files generated fromthis QAD ap- of 100%.) The close agreement in
proach are shown by the solid curves the profiles suggests that the ef-
on Figure 14. No extrapol ations fort involved in the detailed ap-
were made above the tops of the proach was |argely wasted.
towers. The current calibrations The QAD approach was al so used
(mscalibrations?) for determni ning in the conputation of profiles of
Kr and FP were used. By weighting tracer for tests V-5 and V-7. Since
the proportion of the total tracer the tracer plumes were not contained
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crosswi nd within the bounds of the
towers on tests V-5 and V-7, sone
esti mate of the proportion of the
tracer outside these bounds was re-
quired. The only hint of this pro-
portion was afforded by the basic
1.5-m sanplers on the FP grid. (The
K grid at 1.5 mdid not enconpass
the crosswind tracer distributions.)
Esti nates of tracer beyond that re-
presented by the tower grid during
test V-5 were 25%at 200 mand 43%
at 812 m.* Correspondi ng val ues
during test V-7 were 51%and 47%f or
200 mand 867 mrespectively. As
nentioned earlier, the percentages
were zero for both 200 mand 842 m
during test V-6.

The amount of tracer within
bounds of the towers was corrected
for that estimated to be beyond, and
the results are plotted on Figures
15, 16 and 17. The figures at the
top of each curve are sums of tracer
percentage up to that topnost mea-
surement point. Plotting of the
percentages on a logarithnmic scale
enphasi zes that with the exception
of the lowest 5 m or so, the pro-
files for Kr and FP are reasonably
parallel. If attentionis re-
stricted to the curves above 5 m,
the inplicationis that although
calibrations used in generating
either or both curves were in error,
the ratio of indicated K to indi-
cated FP was consistent. Thus the
i ndi vidual curves are likely valid
inarelative sense. If the FP and

* The source-to-sanpl er distances
reported are those of the nmean of
the E/Qdistribution of FP at the
1.5-m el evation
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Kr curves can be superinposed so
that the one essentially overlies
the other in the 5-mand-above

el evations, the discrepancies be-
tween the curves below 5 mcan be
used to investigate the effects of
deposi tion.

Bef ore proceeding with the depo-
sition investigation, another point
can be made regarding relative
agreenent of the K and FP data.
Table 7 presents the ratio of the
conputed suns of Kr to that for FP
by test and sanpling arc. There is
l[ittle variation fromsanpling arc
to sanmpling arc in this ratio (0.64
to 0.60 for test V-5 for instance)
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TABLE 7. Ratios of Ixy to zpp. (Sums fromground to top
of towers.)
Di st ance
from Test V-5 Test V-6 Test V-7
Sour ce QAD QAD [sopl et hed (a) QAD
56% _ 45% _ 57% _ 22% _
200 m g7z = 0.64 75z = 0.26 198 - 0-29 77 0.28
79% _ 33% _ 37% _ Bkgd _
800 m 1378 ~ 0.60 120% = 0.28 T332 0.28 Tes ?

a. Percentages here include data extrapol ated above
top of towers, i.e., include the entire

di stribution.




al though there is considerable vari-
ation in the amunt of tracer com
puted as passing the arcs (87% to
132%f or Igp ON test V-5, for in-
stance). The inplication here is
that the calibrations for FP and Kr
are consistent for a specific test,
but that the large differences in
the total mass conputed as passing
different arcs during the sanme test
are due to insufficient sanpling
density. It is recognized that the
sonmewhat different fractions of the
plumes can be above the tops of the
towers, but in the stable atno-
spheres observed during tests V-5
and V-6 the bulk of the tracer
shoul d have renai ned bel ow the tops
of the towers. Furthernore, the

i sopl ethed percentages listed in
Table 2 for test V-6 include extrap-
olations to enbrace the entire ver-
tical distributions, and here al so
the ratios remain conservative while
the percentages vary.

Estimates of the fraction of FP
tracer depleted fromthe plunes have
been nmade graphically for three
| ocations: test V-5 at 812 m test
V-6 at 842 m and test V-7 at 200 m
Tracer concentrations were too near
background to consider analysis in
the other three possible cases (V-5
and V-6 at 200 m, and V-7 at 867 n.
The appropriate Kr profiles of
Figures 15, 16 and 17 were extrap-
ol at ed above tower tops to zero,
and the summed percentages under
these curves were normalized to 100%
Then, on the basis of the relatively
constant FP to Kr mass ratios above
5 m(where depletion effects were
mssing or less significant), the
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FP profiles were nornmalized to match
the general profile of the K. Thus
the areas of the curves above 5 m
should total to the sane val ue

The | ower portions of these pro-
files are displayed on Figure 18.
Since test V-6 shows the nost dra-
matic depletion, it will be used to
illustrate the graphic approach em
pl oyed. The heavy curves are the
previously described normalized pro-
files of Kr and FP percentage. The
deficiency of FP in the lowest 5 mis
proportional to area ABC less area
DEB. This converts to 2.8%of the
tracer depleted during the plune tra-
versal to the 842-marc

An alternate approach is to pre-
sune that the shape of the FP pro-
file below 5 mwoul d have been that
of the Kr profile had deposition not
occurred. The area describing de-
pletion then becomes AEF, and this
area corresponds to a 5. 7%depl etion

The sanme approach was enpl oyed
for tests V-5 and V-7. The range of
estimates of depletionis givenin
Tabl e 8.

An areal plot of FP exposures
based on measurements made at the
1.5-m level could be enployed with
the deposition estimtes presented,
and estimates of deposition velocity
coul d be devel oped. However, the
confidence in the absolute val ue of
the measurements currently reported
does not justify this effort.

If a conplete mass balance is to
be attenmpted following future field
experiments, the evidence presented
suggests that a much nore dense
sanpling network than that currently
inuse is needed. To "fill in" the
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TABLE 8.
Depletion

Proportion of Plume Depleted Durine
Traversal to-

812 m

Esti mates of FP Pl ume

Test 200 m 842 m

V-5 . 0to 0.8% .-
V-6 -- - 2.8 to
V-7 0.7 to 1.0% -- -

5.7%

holes with many nore towers and sam
pl ers becomes inpractical from bud-
getary and manpower considerations
Presum ng high confidence in the
accuracy of tracer concentration
neasurenents can be attained, the
conproni se of conparison of tracers
within a restricted but intensely
instrumented grid offers possibil-
ities. For instance, a relatively
| owel evation aloft rel ease during
stabl e at nospheres might be instru-
mented only up to the level of re-
| ease with the assunption made that

a "hal f-mass" bal ance woul d be

per f or med.

CONCLUSIONS

The field measurenent techniaues
currently enployed for Kr and FP
produce good rel ative concentrations
of these tracers, but better defini-
tion of absolute concentrations is
required in deposition studies.

Better calibration of the measure-
ment techniques is in order.

For the field experiment exam ned
in greatest detail (test v-6), the
nmedi an el evation for the mass of
tracer passing arcs at 200 and 800 m
fromthe source was within 2 mof the
rel ease height of 26 m

Inall three field experinments
exam ned, at distances where signifi-
cant amounts of tracer intersected
the ground, the vertical profiles
showed a decrease of the FP tracer



with respect to the Kr at el evations
.hear the ground. Test V-6 displayed
strong evi dence of reflection from
the ground by the inert Kr gas.

The density of field sanpling at

el evations above 1.5 m precluded con-

fident mass bal ance conput ati ons.
Careful isoplething of exposures and
subsequent crosswi nd summ ng of mass
by smal|l vertical increments gave
smal | differences when conpared to

a nore gross "quick-and-dirty"
crosswi nd sunmmi ng appr oach
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Fol I owi ng rel ease into the unsta-
bl e at nosphere of test V-7, about 1%
of the released FP tracer is esti-
nmated to have been deposited before
the plume traversed a distance of
200 m During a release into a quite
stabl e atnosphere, 0 to 1%of the
tracer was deposited during plune
traversal to 812 my and during re-
| ease into a somewhat | ess stable
at nosphere, 3 to 6%of the tracer was
deposited during traversal to 842 m

FITTING AN ANALYTICAL CURVE TO SOME EXPERIMENTAL

DIFFUSION DATA

G. H. Clark*

A technique has been developed for

and P. W.

Nickola

fitting a Gaussian curve

to crosswind concentration distributions observed in atmospheric

plumes.
successively smaller

Effects are presented of truncating of observations to
portions of the crosswind distribution.

comparison of statistics (oz; and z) generated from a truncated

observed distribution and from the "complete"

(observed plus

extrapolated) erosswind integrated distribution reveals minor

differences.

INTRODUCTION

An attenpt has been nade to de-
vel op an anal ytical approach to fit-
ting a Gaussian curve to experinmenta
at nospheric di ffusion data in order
to elimnate some subjectivity from
anal yses. During periods of startup

* Australian AEC representative on
tenporary assignment at Battelle,
Paci fic Northwest Laboratories,
Ri chl and, Washi ngt on.

or carrying out of atmospheric dif-
fusion field tests, neteorol ogica
conditions frequently do not remain
conpletely stationary. This devia-
tion causes the tracer plune to shift
away fromthe main axis of the sam
pling grid. 1In these cases, the nea-
sured horizontal distribution of
tracer, rather than being fully de-
fined, is likely to be truncated.

a simlar manner, the vertical dis-
tribution of tracer is limted by the
hei ght of the tower sanplers.

In



The approach used initially in
this study was to test several hypo-
thetical distributions of ground-
| evel tracer exposures and to succes-
sively truncate points. This
simulated the effect of the tracer
movi ng further away from the sanmpling
grid. The influence of this trunca-
tion on the derived standard devia-
tion and mean value statistics can be
studied. Data fromthe current
series of atnospheric diffusion field
tests were also subjected to simlar
conput er anal ysis.

MATHEMATICAL MODEL

In order to fit a Gaussian curve
to the experinmental data, a program
cal l ed REEP (Reduction of Error in
the Estimation of Parameters), from
the Share programlibrary, was used
with the followi ng analytica
expression:

Tracer exposure

I N _L<ﬁ>2
/7T 0, 2\ 9

wher e 9, is an anplitude,

99 is a standard devi ation
04 is a nmean val ue, and

915 0,, and 0, are unknown vari -
abl es determined for each distribu-
tion of data using REEP

REEP, a Fortran IV coded package,
is designed to solve unconstrained
nonlinear estimation problens by com
bi ning the nodified Marquardt
met hod 17518,19) 4n4 a gradi ent
search technique(zo) with the pro-

jection nethod of Rosen. (21) This
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program has proven very flexible in
handl i ng sone of the nobre unusua
tracer dispersion data, especially
under neutral to unstable atnospheric
stability conditions.

TEST RESULTS

To investigate the effect of
truncating a Gaussian distribution
on the derived estimates of standard
devi ation and nean val ue statistics,
two cases were considered--a platy-
kurtic (flat) distribution and a
 eptokurtic (pointed) distribution
of hypothetical diffusion data.
These effects are seen as a famly
of curves in Figures 19 and 20. In
the platykurtic test case, even with
the full contingent of 22 data points,
the curve fitting routine slightly
overestimates the tracer exposures
both near the peak and in the tails
of the distribution. Only when
greater than eight (36% of the
points are truncated do the curves
deviate significantly fromthe curve
fitted through all the data points.
It is sonmewhat surprising to note
that the trend in the derived stan-
dard deviation statistics reverses,
with the value calculated after a
36% truncation being approximtely
equal to the conplete Gaussian curve
(Table 9.

In the case of the leptokurtic
di ffusion data, there is good agree-
ment to the point where only one
hal f of the Gaussian curve is defined
(see Figure 2. Thereafter there is
a significant departure in the com
puted standard deviation and nmean
val ue statistics.
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As a final case in point, the

crosswind integrated exposures of
ZnS tracer taken fromthe tower
pler array during Test V-6 were in-

put to the REEP conputer code analy-
sis program In Table 10 the results

sam-

are presented for the observed trun-
cated distribution of data points
and also for the distribution includ-
ing extrapolation beyond the tower
l[imts. There is a sinilar trend in
both the observed and extrapol ated
val ues of o, with downwi nd distance
X. The average difference between
the two sets of nunbers is only 8%
with the observed (truncated) o,

val ues being slightly higher.

CONCLUSI ONS

Al atrmospheric diffusion data
needs to be subjected to cautious
interpretation prior to any statisti-
cal analysis. A simlar situation
applies when trying to analytically
fit a Gaussian curve to both the
horizontal and vertical tracer expo-
sures fromthe field experiments. It
has been shown that use of the REEP
programresults in sonme success in
statistically describing a truncated
CGaussi an distribution of data.



63 BNWL-1850 PT3

TABLE 9. The Effect of Truncating Data Points on the
Gaussian Curve Fitting Statistics

Platykurtic Data Leptokurtic Data
Number of Data Points 22 20 18 16 14 12 17 15 13 11 9
0, 32463 32819 33704 33988 30923 25745 36229 36166 35390 49487 189847
o, (cY) (degs.) 19.9 20.3 21.1 21.3 19.4 16.5 8.5 8.5 8.2 11.1 17.6
O (y) (degs.) 144.5 1447 145.3 1455 143.2 139.2 144.3 144.3 1442 147.8 166.7

TABLE LO. Statistics fromthe Crosswind Integrated
Exposures of ZnS During Test V-6

Observed (Truncated) Observed plus Extrapolated

x (m) 200 800 1600 3200 200 800 1600 3200

cH 4527 8443 10242 4784 4174 8122 9705 4461
9, (oz) (m) 9.1 16.0 16.5 18.9 8.5 15.0 15.3 17.3

0, (z) (m) 26.5 19.7 20.8 18.4 25.6 21.0 21.6 19.7

A SURFACE FLUX MXDEL FCR DI FFUSI ON,
DEPOSI TI ON__ AND RESUSPENSI ON

T. W Horst

A model of the diffusion-deposition-resuspension transport
process i s developed which accounts for the effect of deposition
and resuspension on the airborne concentrations by representing
the net vertical flux of material at the surface due to these
processes as an areal source of material for further downwind
diffusion. The diffusion process i s modeled by the standard
Gaussian plume. This model i s used to show that the assumptions
of the source depletion model of deposition overestimate surface
air concentrations and, hence, the deposition flux by factors of
2 to 4 for moderately strong deposition, Vg/z = 10-2. These re-
sults can be used to define the limits within which the source
depletion model may be used with acceptable accuracy.

The resuspension into the air of accurately simlate many common situ-
hazardous material previously depos- ations. At the same tine, realistic
ited on the ground presents a danger environmental experinments to deter-
which is currently difficult to m ne the physics of resuspension also
assess due to a lack of both quanti - necessarily include the processes of
tative physical facts and nodels to di ffusion and deposition, and a



nodel including all of these pro-
cesses is needed to separate the
effects of diffusion, deposition and
resuspension in the nmeasurenents.

To this end, a sinple nodel of
the diffusion-deposition-resuspension
transport process has been programred
for use on the CDC 6000 conputer.
Thi s program cal cul ates the evol ution
of air and ground concentrations of
a tracer or pollutant emanating from
a specified source and having a
given initial distribution on the
ground surface. Since the distribu-
tion of material on the ground is a
source for downwind air concentra-
tions through resuspension, the cal-
culations are considerably sinplified
by assuning honogeneity in the cross-
wind direction. Thus the cal cul a-
tions are exact for an infinite line
source and cl osely approxi mate the
crosswi nd-i ntegrated concentrations
froma point source.

MODEL DESCRIPTION

The di ffusion process is repre-
sented by the standard Gaussi an nodel ,
assum ng perfect reflection of the
plume at the ground. Thus a diffu-
sion function can be defined as the
downwi nd air concentration x(x,z) of
a nondepositing tracer, normalized
by the source strength Q,

D(x,z,h) = &LELEL
2
o1 {exp[- (- )
V2T u cz(x) 2 o, (x)

2
+ exp [;Lh—:—%l——}}.
20 (x)

Z

(1)
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(Al symbols are defined at the end

of this article.) Presently one pri-
mary source Q(t) is assunmed to be
located at the point (x =0, z = h).
The net flux of material from the
ground to the air due to the pro-
cesses of deposition and resuspension,

however, is a secondary, areal source
of material,
= &: - =
S(x,t) = X Vd x(x,z zd,t)
+ AG(x,t). (2)

Here the deposition and resuspension
fluxes are respectively assuned to
be directly proportional to the air
and ground concentrations through a
deposition velocity V4 and a resus-
pension rate A

Usi ng these definitions, the equa-
tion for the evolution of the air
concentration x can be witten as
the sum of the diffusion fromthe
primary source and fromall upw nd
areal sources

x(x,z,t) = Q(t-x/u) D(x,z,h)
X
i/[ S(z,t- £%) D(x-z,z,h=0) dz.

o u (3)
Note that this fornulation accounts
for the finite transport time d4/0
bet ween a source and a point which is
a distance d downwind. To conplete
the nodel we also need to calcul ate
the evolution of the avail able (for
resuspensi on) ground concentration G
due to the processes of deposition,
resuspension, and fixation by the
soi |,



dG(x,t)
dt

= Vd x(x,z = zd,t)

- (A + a) G(x,t). 4)

The soil fixation rate constant a
describes the rate at which material
on the ground becomes bonded to the
surface in such a way that it is no
longer available for resuspension.

COMPARISON TO SOURCE DEPLETION MODEL

A simpler model, for the deposi-
tion process only, is described by
Van der Hoven. (22) It accounts for
the loss of material due to deposi-
tion by correspondingly reducing the
source strength used to calculate the
air concentration at any given dis-
tance from the source. The model
presented here, which more appropri-
ately depletes the portion of the
plume adjacent to the surface, can be
used to test the probable magnitude
of the errors caused by the source
depletion assumption. For the spe-
cial case of a time-independent
source and no resuspension, (2) and
(3) can be combined to give

X(X,Z) = Q D(X:Z,h) -

X
fo V4 x(2,24) D(x-z,z,h = 0) di. (5)

In contrast, the assumptions of the
source depletion model give

X(X’Z) = Q D(X,Z,h) -

X
fo Vg x(2,24) D(x,2,h) de, (6)

which reduces to

BNWL-1850 PT3

x(x,z) = Q D(x,z,h)

X
exp [-f Vd D(?;,zd,h) d?;} (7)

o}

It is readily apparent that (7) is
more easily solved than (5) and is
therefore a more desirable model when
the results are acceptably accurate.
To assess the accuracy of (7) rela-
tive to (5) they were both solved for
im <x<105 m, h =0, 10 m, 100 m;
Zd_; 1m z = 245 h; and Vd/ﬁ = 10"
10 . Solutions were obtained for
unstable, neutral and stable thermal
stratification (Pasquill categories
A, D and F), using the rural diffu-
sion coefficients amalgamated by
Briggs. (23) While these o's may al-
ready include the effects of deposi-
tion, they are entirely adequate for
the present purposes.

Figure 21 shows the airborne con-
centrations at heights of 1 m and
10 m, normalized by the correspond-
ing airborne concentration without
deposition, due to a source at a
height of 10 m. As expected, the
surface depletion model in general
predicts smaller air concentrations
at the surface than does the source
depletion model. Consequently, how-
ever, the surface depletion model
also predicts less deposition. This
finally produces the result seen for
Pasquill F and x > 8 km: smaller
total deposition leads, at large
downwind distances, to greater sur-
face air concentrations for the sur-
face depletion model than for the
It is also

2

source depletion model.
interesting to note that for the
stable case the air concentration
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FIGURE 21. Ratio of Airborne Concentrations for a

Depositing Versus a Nondepositing Tracer as Calcu-
lated by Both the Source Depletion and the Surface

Depletion Models

ratio at source height is greater for
the surface depletion model than for
the source depletion model, while the
opposite is true for the unstable
This is due to the much
smaller vertical mixing between the
surface and 10 m for the stable case
than for the unstable case: the
plume depletion due to deposition at
the surface is not as readily com-
municated to the air concentration

at 10 m. Since the deposition at
short distances is less for the sur-
face depletion model, a height can
always be found above which the air

case.

concentration is greater for the sur-
face depletion model. This height
will decrease with stability.

While Figure 21 shows the effect
of deposition on the air concentra-
tions as predicted by the two models,

Figure 22 displays a better measure
of their relative accuracy, the ratio
of the air concentrations as pre-
dicted by the two models. In gen-
eral, the source depletion model
overestimates the surface air con-
centration, by factors of 2 to 4 in
some cases. Further, as noted above,
at greater distances the source de-
pletion model underestimates the
surface air concentration, eventually
by extremely large factors. Since
the deposition is directly propor-
tional to the surface air concentra-
tion, these same errors also apply

to the deposition flux to the sur-
face. Thus this figure demonstrates
that care must be taken to use the
source depletion model only at dis-
tances small enough to keep the error
due its simplifying assumptions
within a tolerable limit.
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As woul d be expected, both the
amount of deposition and the differ-
ences between the source and surface
depl eti on model s increase with Vy/T.
The data presented here is for vd/U

= 10_2, a case of noderately strong
deposition. For the source deple-
tion nmodel it can be shown from(7)

that the ratio presented in Figure 21
is easily nodified for a new val ue
of Vd/ﬁ:

(V4/0),

(V,/0)
(Ratio) - " 1

(Ratio,)

(8)
The surface depletion nodel cannot
be directly modified in this manner,

but the change will be in the same
direction as indicated by (8).

as Calculated b
Versus the Surface Dep

le

Rati o of Airborne Concentrations at
the Source Depletion
tion Mdel

DEFINITION OF SYMBOLS

di ffusion function = x/Q (sec m'z)

x Crosswi nd-integrated air concen-

o

N N

~

d
Zq

A

tration (units m'2)

source strength (units sec'l)
mean wi nd speed (m sec™ )
vertical diffusion coefficient (m
hei ght of diffusion source (n

hei ght of receptor (n)

downwi nd di stance coordinate (n
time (sec)

deposition velocity (m sec'l)
hei ght of air concentration used
to define Vd(rr)

resuspension rate (sec ‘)

G surface concentration avail abl e

g

a

for resuspension (units m'l)
downwi nd coordi nate of surface
source, variable of integration(m
rate of soil fixation (sec'l)
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MESOSCALE TRANSPORT AND DIFFUSION STUDIES

L. L. Wendell and W.

F. Sandusky

In progress i s an investigation of the validity of using
the single-point wind in mesoscale radiological assessments

on and around the Hanford site.

Work at another AEC Site has

shown the practice to be unreliable. Tower data are being
analyzed and used to construct wind field trajectories for
comparison with constant-volume balloon trajectories and tra-

jectories constructed with a single-point wind.

The appropri-

ateness of the use of constant-volume balloon trajectories as
an indication of mesoscale transport i s being tested by air-
craft sampling of an S$F, plume in the vicinity of the balloons

along their trajectories.

INTRODUCTION

Current assessment procedures for
estimating radiological doses to dis-
tances up to 50 miles involve the
use of a wind measured at a single
location. A mesoscale wind field and
transport study, over a 21-station
network of wind towers on and around
the National Reactor Testing Station
(NRTS) in southeast lIdaho, demon-
strated that mesoscale boundary
layer flow can be too complex for
single-station approximation (Wendell
1972). (24 This was shown to be true
for the sustained long-term release
(Start and Wendell 1974) (25) as well
as the accidental short-term release.
The local topographic variability
seems to be the primary cause of the
horizontal spatial variation of the
boundary layer flow. Since the ter-
rain variation on and around the
Hanford site has more complexity than
that of the NRTS one would expect as
much or more mesoscale horizontal
variability to prevail. Thus, to
provide information which would im-
prove the transport and dispersion

estimates for the Hanford site, ini-
tial analyses along the lines of
those done at the NRTS have been
undertaken.

WIND FIELD AND TRAJECTORY STUDIES

A field experiment was conducted
during April and May 1973 with eight
telemetered stations and 13 supple-
mental stations providing tower-based
wind data. Twelve constant-volume
balloons were released during the pe-
riod and tracked by double theodo-
lites. The balloon trajectories were
compared with trajectories constructed
for hypothetical particles released
at the same time and location and car-
ried by the winds derived from those
measured at the tower locations. The
average separation between balloons
and corresponding particles was 1.2
miles at a travel distance of 5 miles.
The longest balloon track was 10
miles, and the separation from the
hypothetical particle at this dis-
tance was 0.5 mile. These compari-
sons are few and the distances not
long enough to be conclusive, but
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they represent about the longest
tracks practicably obtained with dou-
ble theodolites. Test tracks with
aircraft have been carried out to as
far as 30 miles. Further work with
the longer tracks is proceeding and
is discussed in the next section.

Analyses in progress on this data
set are the computer plotting of the
wind fields in synoptic fashion as
was done with the lIdaho data. A sam-
ple of four hourly plots is shown in
Figure 23. Also terrain features are
to be superimposed onto the flow pat-
terns to see if any obvious correla-
tions are evident. The NRTS style
trajectory plots of serially released
particles are also being generated
several times with various combina-
tions of stations removed to check
the sensitivity of the trajectories
to network configuration. Figure 24
shows an example of this type of plot.
Also planned are comparisons of wind
field and single-station generated
trajectories.

TRANSPORT AND DISPERSION

It has been implicitly assumed
that the trajectories derived from
the wind fields or constant-volume
balloon flights are representative of
the true motion of the air in the
planetary boundary layer. This is an
assumption that should be subjected
to considerable verification. This
is being done in cooperation with an-
other program using the constant-
volume balloon,
tracer (SF6).
completed successfully.
was released into the SF6 plume under

the aircraft and a
One test run has been
A balloon

BNWL-1850 PT3

stable conditions and wind speed
about 9 m/sec. The aircraft followed
the balloon downstream and made sam-
pling runs perpendicular to the
track of the balloon. The SF6 was
sampled and analyzed in real time
with a gas chromatograph. The bal-
loon was tracked for about 30 miles
with positive indications of SFg
along the whole track. This shake-
down run was conducted before the sam-
pler was calibrated. Therefore quan-
titative concentration calculations
This tech-
nique should not only provide valu-
able information on long-range plume
dispersion but also on the validity
of using constant-volume balloons as
indicators of mesoscale range
transport.

await this calibration.

DISCUSSION AND RECOMMENDATIONS

The preliminary effort with the
wind network described above should
provide an insight into the spatial
variability of the winds and result-
ing transport patterns in the near-
surface layer. Another very impor-
tant aspect of boundary layer
transport is wind direction and speed
shear in the vertical. Dramatic ex-
amples of this have been observed on
towers at both the NRTS and Hanford
sites. This phenomenon seems to be
induced by local terrain variation
in both locations. The causes and
frequency of occurrence should also
be determined and factored into
transport and dispersion models to
make them as realistic as practicable
for assessment problems.
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A MODEL TO COMPUTE LOW-LEVEL MONTGOMERY SIREAM FUNCTIONS

W E.

Davis

The model to compute Montgomery stream functions was improved

by incorporating water vapor.

An error analysis was performed

on the model comparing radiosondes taken at three sites in the

grid.

Results indicated errors in the Montgomery stream func-

tion with a standard deviation greater than *0.05 x 107 em?
see~? would be exceeded at ~100 mb less than the sfc pressure
at all sites for November 1972 data.

INTRODUCTION

In last year's annual report,
Davis(zm indicated that a mesoscale
model for computing Montgomery Stream
functions from surface data had been
developed and comparisons between
stream functions computed from data
produced by the model and from ob-
served data for August 1972. Conclu-
sions, based on the comparisons, in-
dicated that the model should be
changed to incorporate water vapor ef-
fects in the computation of stream
functions.

MODEL

The model was developed to compute
Montgomery stream functions from a
vertical pressure versus potential
temperature distribution. The sound-
ing was arrived at by assuming a bi-
linear variation of pressures on po-
tential temperature surfaces as
derived from four radiosonde reports.
A linear time change was computed
between two time periods when the
four radiosonde reports were avail-
able. Stream functions were computed
for each hourly reporting station in

an array. With the basic model in

mind, we can now move on to the
changes incorporated this year in the
model.

As noted last year, (26)this model
tended to have a mean difference
which was attributed to the lack of
inclusion of water vapor effects.
This was arrived at when comparing a
limited number of soundings with and
without water vapor. Thus it was
decided to include in the computer
program these effects. Water vapor
effects, expressed in terms of mixing
ratio, were added to the model in the
same way pressure was calculated with
one change. The change was that be-
cause of large horizontal and time
changes in mixing ratio the model
would on occasion compute negative
mixing ratios. Values of the mixing
ratio in the model were not allowed
to decrease less than 1 g/Kg.

RESULTS

An analysis was made for November
1972 data on days when radiosondes
were taken at any of the three sites.
With the exception of a couple of
days where data is yet to be reduced,
the data is shown in Table 11.



TABLE 11. Model Comparison Results

S\WP
Mean Difference in

w(XlO_7cm>zsec2)

Bi | i near
Mean Difference in

w(XlOJcm_ Zsecz)

b

HVB PDX SEA HMS PDX SEA
1000 0 0. 002 0.01 0.02 0. 005 0.017
950 0.014 0. 010 0.012 0. 095 0. 006 0.001
900 0.029 0.020 0.014 -0.007 0. 008 -0. 007
850 0.031 0.023 0.024 -p.041 0. 009 ~-0.005
Standard Deviation in y Standard Deviation in y
mb HVS PDX SEA HMS PDX SEA
1000 0.012 0. 010 0.028 0.014 0.027 0. 036
950 0. 020 0.016 0.035 0.016 0.026 0.045
900 0. 032 0. 029 0.045 0.022 0. 036 0.055
850 0. 042 0.043 0.052 0.059 0. 052 0.050

As can be seen, the data results
are similar to the results arrived at
in last year's report except that in
general the mean difference for
Seattle, Washington; Portland, Oregon;
and Hanford, Washington, was improved
by the addition of Stampede Pass
hourly data (see Davis 1973). (26)
However, when computing the standard

73
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deviation only, the HMS data for
950 nb and 900 nb were improved.

In comparing November's Seattle
results with the Seattle results in
the August study in last year's re-
port, the standard deviations were
found to be larger for the November
However, the height, over
which the error value of £0.05 was ex-
ceeded, was about the same pressure
of ~100 nmb above surface. Again the
addition of Stampede Pass, which re-
duced the standard deviation in the
August study, did not do the same in
the November study.

Work is continuing on the reduc-
tion of data for December 1972 and
February 1973 when radiosonde compari-
be made for Seattle and

case.

sons will
Portland but not Hanford since no ra-
diosondes were taken at that site dur-
ing these periods. Also, a change-
over has been completed with the
model working on the CDC 6600.

THE DEVELOPMENT OF A SONIC ANEMOMETER SYSTEM

FOR AIRCRAFT USE

T. W,

A three-dimensional
ing on an aircraft,

Horst and T. J.

Bander

sonic anemometer was designed for mount-
constructed and laboratory tested.

A nose-

boom for mounting the anemometer was also constructed and flight-

tested.
required prior to operational

A basic understanding of atmo-
spheric diffusion requires knowledge
of the structure of the turbulent

Further testing of both elements of this systemis
use.

¢ddies which effect the diffusion.
Currently there is a great deal more
known about turbulence in the lowest



tens of meters of the atmosphere than
in the remaining 90%of the planetary
boundary layer. There are two rea-
sons for this: first, this constant
flux layer adjacent to the surface is
less complex than the entire boundary
layer, and second, it is much more
accessible to measurements from
towers. Since diffusion to the dis-
tances of interest to the AEC is ef-
fected to a large extent above the
surface layer, a capability is being
developed at PNL for the study of the
structure of the planetary boundary
layer from an instrumented aircraft.

A sonic anemometer sensor array
specifically designed for the mea-
surement of turbulent wind fluctua-
tions from an aircraft(27) was con-
structed and tested, both in the
laboratory and in the environment:
(Figure 25). Final laboratory tes.-
ing will be performed in a high-speed
(v150 mph) wind tunnel prior to ac-
tual flight testing on the aircraft.
One major goal of the wind tunnel
work will be an evaluation of sev-
eral fairing designs for the trans-
ducers. These smooth the air flow
around the transducers themselves in
order to minimize environmental noise
which may interfere with the recep-
tion of the sonic signal.

A boom, extending 1 m in front of
the aircraft nose, was constructed
and mounted on the Cessna 411 in or-
der to place the anemometer in air
undisturbed by the passage of the
aircraft. This boom was static
tested, FAA approved, and flight
tested. Figure 26 shows the boom in-
strumented with a package to measure
the vertical and lateral vibrations
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Ney 741390-2

HAGURE 25. For "The Development of

a Sonic Anemometer System for Aircraft
Use": Aircraft Anemometer Mounted on
Tower for Environmental Testing

Neg 732762-1
FAGURE 26.

For " The Development of
a Sonic Anemometer System for Aircraft

Use": Aircraft Anemometer Boom In-
strumented to Measure Boom Vibrations
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aircraft notion systen{27) in CY-1974
for final testing and initial data
col l ection

of the boomand to sinulate the
wei ght of the anenoneter.

These two el enents of the anemom-
eter systemwi ||l be conbined with the

EVALUATION OF AN AIRBORNE FLUORESCENT PARTICLE
COUNTER FOR ATMOSPHERIC TRACER STUDIES

M. M. Orgill and P. W. Nickola

A Model 220 automatic fluorescent particle counter i s being
evaluated in an aircraft for utilizing the instrument in field
dispersion, transport and deposition studies. Results to date
indicate that typical crosswind and downwind concentration pro-
files can be obtained, but tracking of plumes beyond 7 km has

not been totally successful.

A Cessna 411 aircraft is being in-
strumented for conducting airborne
neasurenments of particul ates and gases
i nportant to our present AEC diffu-
sion, transport and dry depositionre-
search programs. The first phase of
this study is evaluating sanmpling in-
struments which pronise to neet re-
qui renents of a reliable airborne
sanpling system i.e. fast response
time, high sanpling rate, real tine
capability and good sensitivity. The
second phase, beginning next fisca
year, will utilize the airborne in-
strumentation to conduct field ex-
peri ments of atnospheric dispersion,
transport and depositionwithin 5 to
50 km

The sanpling instrunents presently
under eval uation are the MEE Mde
110 automatic fluorescent particle

counter, an SF ai rborne gas chromat o-

graph and a MEE Mbdel 140 ice nucl eus
counter. Qher sanpling instrunenta-
tion may be added depending on the
needs and scope of the program

During the past year npbst of the
effort has been directed toward eval -
uation of the automatic fluorescent
particle counter (AFPQ. The AFPC is
a portabl e sanpling unit which de-
tects and counts fluorescent zinc sul-
fide particles commonly used in atno-
spheric diffusion and transport
studies. The counter automatically
sanpl es, counts and determ nes concen-
tration of fluorescent particles in
real tine.

A schenatic of the AFPC in Figure
27 illustrates the operation of the
instrunent. An air sanple is con-
tinuously drawn through the intake at
approximately 1 liter per second by a
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positive displacement pump. For air-
borne operation the diameter of the
intake orifice is sized to obtain
isokinetic sampling.

The sample air plus entrained
tracer particles passes into an ex-
citation chamber designed to retain
the sample for approximately 500 msec.
At least 300 msec are required to ex-
cite the fluorescent material to a
maximum fluorescence. The excitation
source consists of a tightly coiled
spiral lamp with a peak output of
3650 A.
matches the excitation spectrum of
the zinc sulfide, which peaks at
3700 A.

The fluorescing tracer particles

The lamp spectrum closely

then pass through a light trap into

a detection chamber. The light trap

Schematic Diagram of Model 110 Automatic
FlTuorescent Particle Counter

is designed so that the time of pas-
sage is less than 5 msec to assure
that the particles are still as
bright as possible when passing
through the detection chamber. A
sensitive photomultiplier detector
detects each zinc sulfide particle,
and the resultant signal is amplified
and processed in the electronics unit
to give a digital readout of total
counts or counts per unit volume.

The data output can be monitored vi-
sually and recorded by a digital
strip-chart recorder, tape system or
digital printer.

Evaluation of the AFRC has con-
sisted of ground tests, airborne back-
ground readings and airborne measure-
ments of FP2210 and FP3206,
commercially available fluorescent



particulate tracers. The ground tests

were preliminary operational checks
to assure that the instrument was

working properly. Airborne background
sampling has consisted of flights over

the Hanford Project and surrounding
regions. Smoke, dust and industrial
smoke have also been sampled for
background readings.

A summary of the experimental
flights including natural airborne
background measurements is shown in
Table 12. Natural airborne back-
ground over the Hanford Project has
varied from 1 to 24 particles/liter
with an average between 3 and 6 par-
ticles/liter. Natural background
away from the Hanford Project has
varied from 1 to 15 particles/liter
with an average of 2.4. Sampling of
smoke, dust and industrial type
plumes has shown elevated (10 to 200
particles/liter) background levels
near the source. The reason the
AFC responds to these other partic-
ulates is not entirely known at this
time but may be the result, in part,
of natural fluorescent materials and
spurious scattering effects within
the AFPC sensor pod. However, this
particular characteristic of the in-
strument has not seriously affected
any field experiment because of the
low natural background levels over
and near the Hanford area.

Six flights following tower re-
lease of FP3206 and FP2210 have been
conducted over the Hanford diffusion
grid (Table 12). The first three
experimental flights were conducted
with the AFC inside the aircraft
with the isokinetic inlet connected
to the aircraft sampling probe by a

BNWL-1850 PT3

plastic tube. This arrangement ap-
peared unsatisfactory due to the high
probability of deposition of the FP
material in the aircraft sampling
probe and connecting tube. The |ast
three experimental flights were com-
pleted with the AHRC sensor pod at-
tached underneath the aircraft's

fuselage as indicated in Figure 28.

This position of the sensor pod

minimizes the possibility of extra-

neous deposition of the F tracer.

Airborne sampling of FP3206 and
FP2210 from tower releases and under
stable to unstable conditions has
shown the following tentative results:
1. The AFC is relatively more sensi-

tive to FP3206 than to FP2210.

The difference in sensitivity is

about a factor of nine.

2. Typical crosswind downwind concen-
tration profiles with distance
have been observed during sampling
flights. Figure 29 shows an ex-
ample of the airborne concentra-
tion as a function of crosswind
distance in a case where the
FP3206 plume was relatively narrow.

3. Sampling of the fluorescent parti-
cle plumes for distances over 7 km
has been disappointing to this
time. A distance of 13 kn has
been the Iimit for detecting a
plume above natural background
readings.

In the future, work will proceed
toward further ground and airborne
evaluation of the AFHRC and also of an
airborne SF6 gas chromatograph. |If
evaluations of these two instruments
show promising results, then the next
step will be to conduct simultaneous
airborne measurements of fluorescent
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TABLE 12. Experimental Flight Data Obtained with Automatic
Fluorescent Particle Counter

Range of Maximum
Emission 400 ft Maximum Distance Plume
Rate Type of Wind Speed Counts Tracked
Date Source (gm/min)  Plume Stability (mph) (counts/sec) (km)
3/9/73 Hanford Background Unstable 12-20 5-24
Stacks{Hanford) Smoke Unstable 12-20 39-44
Al Smelter Industrial Unstable 12-20 55-100
Ground Dust Unstable 12-20 109-159
3/14/73 Hanford Background Unstable 2-4 4-22
*Tower (85 ft) 24 FP2210(Wet) Unstable 2-4 4-25
Burningfield Smoke Unstable 2-4 5-12
Pasco Smoke & Haze 6-32
Boise-Cascade Industrial 76-105
3/19/73  Hanford Background Unstable 4-8 6-11
*Tower(400 ft) 152 FP2210(Dry) Unstable 4-8 74-95 3.2
285 FP3206(Dry) Unstable 4-8 552-885 9
3/30/73 Hanford Background Unstable 2-7 2-5
*Tower (400 ft) 10.5 FP3206(Dry) Unstable 2-7 232-645 7
6/11/73 Columbia River Background 2-15
Boise-Cascade Industrial 10-14
Al Smelter Industrial 14-236
6/14/73 Hanford Background Unstable 25 1-5
*Tower (400 ft) 94 FP3206{Dry) Unstable 25 20-30 3.2
6/15/73 Hanford Background Stable- 14-16 1-3
Neutral
*Tower (400 ft) 100 FP3206(Dry) Stable- 14-16 11-956 7
Neutral
6/18/73 Hanford Background Stable- 4-11 1-3
Neutral
*Tower (400 ft) 152 FP3206(Dry) Stable- 4-1 20-927 13
Neutral
10/10/73 SE Washington Background 1-3
Boise-Cascade Industrial 11-15
Pulp Mill Industrial 8-18

*Releases from towers.
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FI GQURE 28. Airborne Location of Automatic Fl uorescent
Particle Counter Sensor Pod

0.0 particles and SF, as tracers. Experi-
[ DISTANCE FROMTONER ments with silver iodide in conjunc-
| om0 oS .
e 300 M tionwith the ice nucleus counter

wi |l provide another size range (sub-
mcron) of particulate to be included
in the study.
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A REAL- TIME SYSTEM FOR DETECTION OF THE

ATMOSPHERI C TRACER SULFUR HEXAFLUORI DE

R N Lee and M C. Miller

An SFg tracer gas detection system built for aircraft opera-
tion has undergone tests to determine its qualitative perfor-

mance.

The primary component of this system is a gas chromato-
graph equipped with an electron capture detector.

During

operation, continuous flow of an atmospheric sample through a
column possessing an affinity for oxygen allows real-time descrip-
tion of an SFg plume before arrival of the oxygen frontal. The
column, which i s rejuvenated by an argon backflush, permits
sampling for 1-min intervals during each 6 to 8 min of flight

time.

| NTRODUCTI ON

VWile the total inpact of the fuel
shortage is difficult to predict, it
is apparent that recently established
air quality standards may be rel axed
as we become increasingly dependent
on our relatively abundant reserves
of coal and high sulfur oil. If
these standards are not to be conpro-
nm sed, advances mnust be realized in
air pollution control technology and
in the understanding of atnospheric
di ffusion processes. Wile the first
is surely required to reduce em s-
sions fromindustrial sources faced
with the use of dirtier energy
sources, the second is essential to
the siting of new facilities.

The atnospheric scientist is thus
confronted with the need to formulate
and devel op at nospheric nodel s which
will furnish input for assessing the
i npact of these facilities on the
surroundi ng environnent. To achieve
this end, research aircraft and air-
craft sanpling techniques will play
an inportant experinental role. The

use of atnospheric tracers has fur-

ni shed val uable information on plune
behavi or although it has not been
generally possible to follow such
materials beyond 15 km  Sul fur hexa-
fluoride is, however, remarkably wel
suited for long-range studies due to
its very low water solubility, pas-
sive chemistry and ready detection
via the electron capture detector.
Dietz has made a significant contri-
bution to the study of atnospheric
diffusion with the devel opment of a
portabl e gas chromatographi c system
capabl e of detecting this nateria

at concentrations as lowas 4 x 10713
ce/ee. (28,29 300 i g report con-
cerns the performance of a simlar
system

DETECTOR DESIGN AND OPERATI ON

The schematics appearing in
Figures 30 and 31 illustrate the
operation of the real-time sulfur
hexaf | uori de detector being devel oped
for application to the diffusion pro-
grams of the Atnobspheric Sciences
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BackfTush Mde

Departnment. This unit is basically
the sane as that built by Dietz. It
consi sts of an Anal ytical |nstrument
Devel opnent Model 511 portable gas
chromat ograph equi pped with an

el ectron capture detector, a Gast
Model 0531 punp, Veriflo Model PN-
4180115 back pressure regul ator and
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a 6-ft analytical colum external to
the chronat ograph

The mol ecul ar sieve colum em
pl oyed with this systemwas condi-
tioned in a slightly different manner
fromthat used by Dietz.(31) A 6-ft
section of 1/8-in. stainless stee
tubing was packed with 5A nol ecul ar
sieve. Heliumgas was first passed
through the colum for 4 days while
mai ntai ning a tenperature of 250 to
290°C. Oxygen and water were thus
renoved fromthe colum. Nitric
oxi de was then introduced for 3.5 hr.
During this period colum tenpera-
ture was held at 250 to 300°C for
3 hr and then allowed to fall to room
tenperature. Loosely bound nitric
oxi de was renoved with a stream of
hel i um bef ore conversion of the nore
tightly bound gas to the dioxide.
This was acconplished by exposing
the colum to a stream of oxygen gas
During this final stage of condition-
ing the colum was nuintained at room
tenperature for 30 min and then
brought to 100°cC.

Valves A, B, and C are sol enoid
val ves which are activated during
sampling. Unlike the Dietz system
air is directed to the analytica
col um and hence to the electron cap-
ture detector by manual operation of
an 8-port valve

Sanpling is initiated following a
purge of the detector and the analy-
tical colum with argon. After this
brief backflush period (~5 mn),
valves A, B, and C are closed simul-
taneously with activation of the
punp. The back-pressure regul ator
is then adjusted to provide the
desired colum pressure before
switching the 8-port valve to the



sanpling position. Tests described
in the next section were conducted
with a colum pressure of between

10 and 13 psi. Under these condi-
tions, approximately 75 and 135 sec
are required for the respective tran-
sit of sulfur hexafluoride and oxygen
from the sanpling probe to the detec-
tor. Thus a 1-min real-time descrip-
tion of the plume profile is achieved,
via frontal chromatography with re-
corder response to the plune offset
approximately 1 min fromthe tinme
the aircraft enters the plune. Por-
trayed graphically in Figure 32 is
the long response time, which is a
necessary consequence of the colum
separation of sul fur hexafluoride
from oxygen. The response of the

el ectron capture detector to oxygen
appears at the end of the

chromat ogram

RESULTS

Qualitative tests of the systems
response to a sul fur hexafluoride
pl une were obtained by operating the
detector both in the field at ground
level and in the aircraft over the
Hanford reservation. Although re-
corder response has not been cali-
brated, results of these field tests
have provided encouragi ng evi dence
for potential application of this
system to | ong-range diffusion stud-
ies. The chromatogram shown in Fig-
ure 32 was recorded froma noving
truck 1.6 km downwi nd of a continu-
ous ground level release of approxi-
mately 0.01 cfm Meteorologica
conditions at test time were charac-
terized by northwesterly winds at
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FIGURE 32. Relative Position of the

Aircraft During Sanpling and Detector
Response to the SF Pl unme

speeds 16 to 20 nmph and neutral
stability conditions.

Figure 33 shows the plume profile
at an altitude of 700 ft, 3.2 km
fromthe source. During this test,
sul fur hexafluoride was rel eased at
approximately 0.7 cfmfrom the 400-ft
| evel of the Hanford meteorol ogica
tower. Superinposed on the chromato-
gramin Figure 34 is the recorder
response to a background air sanple.

02 FRONTAL

/

|<— 30 SECONDS —————»

TIME

Neg 740938-2

FI GURE 33. Frontal Chromatogram of
AT Sanmple 1.6 kmfrom Source
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FIGURE 34. Superimposed Frontal
Chromatograms of Air Samples:
a = background; b = 700-ft altitude

Throughout this early test period
the major difficulty has been locat-
ing the plume at the distances of

83
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interest. All releases for aircraft
sampling have been from the 400-ft
level of the meteorological tower
with a source strength of less than
1 cfm. During these tests we have
been able to see the plume at dis-
tances of up to 29 km. With the
current design, however, we are
limited to a sampling time of approxi-
mately 1 min for every 6 to 8 min of
flight time. Under this constraint,
we are restricted to a sampling path
of about 3 kn before backflushing in
preparation for the next sample. W
have therefore investigated the use
of a tetroon to provide a visual
indication of the approximate plume
location. The success of this trial
promises to enhance the applicability
of this tracer detection system.



1.

REFERENCES

J. A Businger, J. C ngaar d, 8.
E F Bra\é\fl 0

Y. Izumi an ey,
"Flux-Profile Relations in the
At nospheric Surface Layer," J.
Atnps. Sci., vol. 28, pp. 18I-
189, 1971.

N. E Busch. '"The Surface
Boundary Larer," Boundar y-Layer
Meteor., vol. 4, pp. 213-240,
1973.

C E Elderkin, "Diabatic
Ef fects on Atnospheric Turbul ence

Spectra," Pacific Northwest Labo- 9.

ratory Annual Report for 1970 to
the USAEC, Divislon of Bi 0108y
and Medicine, Volume II: Physi-
cal Sciences, Part 1, Atnospheric
Sci ences, BNW.-1551, Battelle,
Pacific Northwest Laboratories.
June 1971.

J. C Kaimal and J. A Businger,
"A Continuous Wave Sonic
Anenonet er -Ther moneter." J. Appl.

Meteor., vol. 2, pp. 156-164,

1963.

C. E Elderkin, D. C. Powell and 10.
T. W Horst, 'Modeling of Wnd

Conponent Spectra," Pacific North-
west Laboratory Annual Report for
1970 to the USAEC, Division of

Bi ol ogy and Medicine, Volune II:
Physical Sciences, Part 1, Atno-
Spheric Sci ences, BNW.-155T,

BaitelTe, Pacific Northwest Labo- 11.

ratories,
June 1971.

T. W Horst and C. E El derkin,
"Turbul ence Studies in the Atno-
spheric Boundary Layer," Pacific
Nort hwest Laboratory Annual Re-
port for 1969 to the USAEC, Divi -
sion of Biology and Medi ci ne,

Vol une 1I: Physical Sciences,
Part 1, Atnospheric Sciences,
BNWL-1307, Battelle. Pacific

Ri chl and, Washi ngton,

Northwest Laboratories, Richland, 12.
Washi ngt on, June 1970
J. C Kaimal, "Turbulence

Spectra, Length Scal es and Struc-
ture Paraneters in the Stable

Surface Layer," Boundary-Layer
Meteor, vol. 4, pp. 289-%09, 1973.

BNWL-1850 PT3

D. C Powell and C. E El derkin,
"Profile-Derived Estimtion of
Crosswi.nd I ntenrated Exposures
from Elevated Releases: Initial
Mobdel ," Pacific Northwest Labo-
ratory Annual Repori for 1971 fo
the USAEC Divi sion of Biology and
Medicine, Volune II: Physical
Sciences, Part 1, Atnospheric

Scl ences, BNWL-1651, Battelle,
Pacitic Northwest Laboratories.

Ri chl and, Washington, pp. 161-170,
Decenber 1972.

C. E. Elderkin and D. C Powel I,
"Profile-Derived Estimation of
Crosswi nd I ntegrated Exposure
from El evat ed Sources: Model

Revi sions and Applications,"

Paci fic Northwest Laboratory An-
nual Report for 1971 to the USAEC
Division of Biology and Medi clne,
Vol une TI: Physical Sciences,
Part 1, Atnospheric Sciences,
BNWL.-1651, Battelle, Pacitic

Nor t hwest Laboratories, R chland,
Washi ngton, pp. 171-173, Decenber
1972,

F. A, Gfford, "Variation of the
Lagrangi an-Eul eri an Ti me Scal e
Relationship with Stability,"
USAEC Met eorol ogi cal | nformation

Meeting, Chalk River, Canada,
Se teﬁ%er 11-1T4, 1967, AECL-2787,
pp. 485-499, 1967.

C. E Elderkin and D. C. Powel |,
"Measurements and G aphs of Tur-
bul ence Autocorrel ations in Space
and Tinme." Pacific Northwest Labo-
ratory Annual Report for 1971 fo
fhe USAEC Division of Biology and

Medi cine, Volune II: Physical
Scrences, Part 1, Ainobspheric
Sci ences, BNWL-1651, Battelle,

Pacific Northwest Laboratories,
Ri chl and, WAshi ngton, pp. 155-
161, Decenber 1972.

N. Z Ariel and E. K Byutner,
"Rel ati on between the Lagrangi an
Functions for the Atnospheric
Layer Near the Earth Surface,"

| zv,, Atnps. and Cceani ¢ Phys.,
vol. 2, Bp. 993-996, trans. J

J. Gollob, 1966.




13.

14.

15.

16.

17.

18.

19.

20.

85

G A Sehnel, S. L. Sutter and
M T. Dana, "Dry Deposition
Processes," Pacific Northwest
Laboratory Annual Report for 1972
to the USAEC Division of Bionedi-
cal and Environnental Research,
Volune TI: Physical Sciences,
Part 1, Ainospheric Sciences,
BNWL-1751. Part 1., Battelle.,
Pacific Northwest Laboratories,
Ri chl and, Washi ngton, pp. 43-49,
April 1973.

J. J. Fuquay, Progress in Atno-
spheric Physics: A Summary of
Hanford Laboratories Wrk on the

Program Under General Electric,
195% 1964, HWB8360Z, Genera

Electric, "Ri chl and, "Washi ngton,
September 1964,

J. D. Ludwick, J. J. Lashock,

R E. Connally and P. W Ni ckol a,
"Automatic Real -Time Air Monitor-
ing of 85kr Wilizing the 4096
Menory of a Multiparaneter Ana-
lyzer," Rev. Sci. Instr., vol. 39,
pp. 853-859, 1968

P. W Nickola, J. D. Ludw ck and
J. V. Ransdell, "An Inert Gas
Tracer Systemfor Mnitoring the
Real -Time History of a Diffusing
Plume,"™ J. Appl. Meteor., vol. 9,
no. 4, pp. 621-626, 1970

Donald W Marquardt. "An Al go-
rithmfor Least-Squares Estinge-
tion of Nonlinear Paraneters,"”
SIAM Journal, vol. 11, no. 2,
pp. 431-4471, June 1963.

David F. Sanno, "An Al gorithm
for the Solution of Nonlinear
Estimation Problens with Linear
Constraints," Technical Memoran-
dum No. 161, File CAO1I, Cctober
27. 1965.

David F. Sanno, A Mdified

Newt on- Raphson Techni que for
Constrai ned Nonlinear Estination
Probl ems, Doctoral dissertation
submited to Carnegie Institute
of Technology in partial fulfill-
ment of the requirements for the
degree of Doctor of Phil osophy.

L. J h B
BoMmseki rARRYnaNA 2osgRA, Bram
HiTT, New York, pp. 70-90, 1964.

21.

22.

23.

24.

25.

26.

27.

28.

BNWL-1850 PT3

J. B. Rosen, "The Gadient Pro-
jection Method for Nonlinear Pro-
gramming, Part |, Linear Con-
straints," SIAMJ., vol. 8, no. 1,
pp. 181-217, March 1960.

I. Van der Hoven, " Deposition of
Particles and Gases,"

" Me‘teoroiog
, 1968 ( Slaaé,

and Atom ¢ Ener D.

ed.), : .~ pp. 202-
208, 1968.

G A Briggs, Diffusion Estinma-

tion for Small Em ssions, ATDL
Contribution 79 (Draft), Air
Resour ces Atmospheric Turbul ence
and Di ffusion Laboratory, Oak

Ri dge, Tennessee, May 1973.

L. L. Wendell, "Mesoscale Wnd
Fields and Transport Estinates
Determined froma Network of

Wnd Towers," Mnthly Wat her
1 ’ pp - y

Revi ew, vol .
1972.

G E. Start and L. L. Wendell,
"Regional Effluent Dispersion
Cal cul ati ons Consi dering Spati al

and Tenporal Meteorological Vari-
ations," NOAA Techni cal Menoran-
dum(in press).

W E Davis, "A Mdel for Near

Surface Conputation of Montgonery
Stream Functions,™ Pacific North-
west Laboratories Annual Report
for 1972 to the USAEC, Divi Sion
of Bionedical and Environnent al
Research, Volune II: Physical
Sci ences, Part T, Atnospheric

Sci ences, BNW.-1751, Pt 1 UC-53,
BattelTe Pacific Northwest Labo-
ratories. April 1973.

T. W Horst and K M Busness,
"Aircraft Instrumentation for the
Measur ement of Turbul ent Wnd
Fluctuations,' Pacific Northwest
Laboratory Annual Report for 1972
T0 the USAEC, Division of Biol ogy
and MEdicine, Volune II: Physl-
cal Sciences, Part I, Atnospheric
Sci ences, BNW.-1751, Pt 1, Battelle

Paci fic Northwest Laboratories
Richland, Washington, April 1973.

R N Dietz andhE. A. Colte,
"Traci ng, At nospheri¢. Po tants
by gals %hromat graioﬁ| c beyermtna-
tion of Sul fur Hexafl uoride,"
BNL-16642, Brookhaven Nati onal

Laboratory, Brookhaven, New York,
February 1972.



29. R N Dietz, EE A Cote and
G J. Ferber, "Evaluation of an
Ai rborne Gas Chromat ograph for
Long Di stance theorolg%|ca
Tracing," 165th Amer. em Soc.
Meeting, Dallas, Tex., Div. Water
Air and Waste Chem, vol. 13,
no. 1, p. 5, 1973.

30, R N Dietz and E. A Cote,
"Tracing Atnospheric Pollutants

86

31.

BNWL-1850 PT3

by Gas Chromat ographi c Determi na-
tion of Sul fur Hexafl uoride,"
Envi ronnent al Sci ence and Tech-

nol ogy, vol. 7, no. 4, p. 338,

R N Dietz, "Gas Chrona-
tographic Determination of Nitric
Oxi de on Treated Ml ecul ar Sieve,"
Anal . Chen16gol. 40, no. 10,

p. 1576, 1968.




ATMOSPHERIC TRANSFORMATION PROCESSES

Contaminants, once released to the atmosphere, can be altered in many ways. Gases
may become adsorbed on particles and particles may coagulate. Many chemical processes
occur, frequently promoted by light and catalyzed by trace substances in the air. Under-
standing of transformation is essential in making material balances of air pollutants and
accounting for observed downwind concentrations.

During the past two years our program on atmospheric transformations has proceeded
essentially through three stages of development. The first began with our acquisition of the
Cessna 411 aircraft, where the primary task was to acquire trace gas and aerosol instrumen-
tation and incorporate it for airborne analysis. The second stage of the program was to utilize
this newly developed facility for airborne observation and to relate these observations quali-
tatively to atmospheric transformation phenomena. The third stage of this program—begin-
ning at the present time—is to develop mathematical models for quantitative diagnosis and
analysis of atmospheric phenomena observed using the aircraft facility. It is anticipated that
subsequent comparison between transformations models and observation will result in
improved models which will be useful a input to other DEBR programs—particularly those
involving wet- and dry-deposition processes.

The contributions in this section, corresponding largely to the second phase of
research, indicate our key emphases in this area the past year. Of special interestin research
this year have been the changes in particle sizes with height and downwind location from
major sources. As part of the studies in St Louis during METROMEX, account was taken of
the chemical transformations of some pollutants. Inert pollutants were used as indications
for exclusively diffusion processes. This section includes those reports concerned with trans-
formations of aerosols and gases.

e ATMOSPHERIC AEROSOLS AND TRACE GASES
e TRACER STUDIES IN THE METROMEX EXPERIMENT
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AIRBORNE LABORATORY FOR AIR POLLUTION STUDY*

A .

A description i s given of air
instrumentation aboard a Cessna 411 aircraft.

Alkezweeny

pollution and ciloud physics

The aircraft i s

capable of continuously measuring and recording aerosol particle
size distributions and concentrations of Aitken nuclei, cloud

condensation nuclei, ice nuclei,
gases, as well as meteorological

and concentrations of trace
and aircraft parameters. ALl

the data are measured and recorded automatically on magnetic

tape and/or strip-chart recorders.

The aircraft i s currently in use for characterization of
aerosol and trace gases in polluted and unpolluted atmospheres.

INTRODUCTION

During the past 2 years Battelle,
Pacific Northwest Laboratories has
been adapting and instrumenting a
Cessna 411 aircraft to perform air-
borne measurements of parameters im-
portant to the understanding of the
characteristics and behavior of aero-
sols and trace gases in the
atmosphere.

The all-weather, radar equipped,
twin-engine aircraft i s capable of
cruising at speeds between 110 and
230 mph for a period of 5 hr and up

* This paper presents a continuation
of the project reported on in "Air-
craft Instrumentation for Atmo-
spheric Research,” Pacific North-
west Laboratory Annual Report for
1971 to the USAEC Division of
Biology and Medicine, Volume II,
Part T Atmospheric Sciences,
BNWL-1651 PT1, Battelle Northwest
Laboratories, Richland, Washington,
pp. 91-99, December 1972.

to altitudes of 25,000 ft. The fol-
lowing sections describe the electri-
cal power distribution, the air sam-
pling probe, measuring instruments,

data recording, and data processing.

ELECTRICAL POWER DISTRIBUTION

The instrumentation presently in-
stalled in the aircraft requires both
28 VDC and 115 VAC-60 Hz. The air-
craft 28 V bus is supplied by two
100- ampere (A) alternators. The bus
supplies power directly to certain
instruments and also to a 115 VAC-60
Hz inverter which provides up to 1 kW
output to the remaining instruments.

Power distribution to the instru-
ments is controlled via a central
power control panel. The control
panel is divided into three func-
tional areas: inverter control, AC

power, and DC power. Selection of



the inverter, application of the in-
verter load, and selection of an ex-
ternal AC source are provided in a
manner which prevents the application
of inverter and external AC power
simultaneously. A switch selects an
external AC source supplied via an
external AC jack at the rear of the
control panel chassis and is used for
ground operations (maintenance, cali-
bration, etc.). A pair of switches
and relays applies the 28 VDC to the
inverter and connects the inverter
output load. The AC power is dis-
tributed to the instrumentation via
a group of standard AC outlets pro-

tected by individual circuit breakers.

Distribution of 28 VDC power is
also controlled by a group of circuit
breakers. A main 15-A circuit
breaker/switch feeds five branch
circuit breakers which service the
DC outlets for instrument power.

Metering is provided for visual
monitoring of the DC input current to
the inverter, AC and DC volts and
total AC and DC current load. All
the power to the inverter and the in-
struments can be disconnected by a
main 60-A breaker/switch accessible
to the pilot. All breakers can be
manually operated and are MIL and FAA
approved.

SAMPLI NG PROBE

The sampling probe consists of two
parts, one located primarily outside
and the other inside the aircraft.
The outside component is made of
and is located on the
upper left-hand side of the aircraft
(Figure 1). The probe extends about

stainless steel
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10 in. from the fuselage and has an
area expansion ratio of 16 to de-
crease the flow velocity before the
stream is deflected inside the air-
craft. The inside component is made
of aluminum with five stainless steel
tubes. It is connected to the out-
side probe at the point where it ex-
tends inside the aircraft by means of
a rubber hose and clamps. A detailed
design of the outer portion of the
probe is shown in Figure 2.

To maintain isokinetic sampling,
the 1/2-in. tube may be connected to
a pump whose pumping rate can be ad-
justed so that the air velocity at
the probe's orifice is the same as
the aircraft speed. Unfortunately
there is insufficient data to deter-
mine the loss of particles to the
inside wall of the probe resulting
from the probe's 90° bend.
in view of recent wind tunnel data by
Sehmel,(l) we can assume that for
particles less than 5 um in diameter,
the loss is less than 10%.

However,

| NSTRUMENTATI ON

The number of instruments carried
aboard the aircraft is limited by the
useful weight and the available power
of the aircraft. Normally with pilot,
copilot and one observer aboard, the
total weight available for instrumen-
tation is 575 Ib. Reduction in
flight time increases the useful
weight by 200 1b/hr. Total power
available for instrumentation is
2360 W DC and 800 W AC. Typical
placement of equipment onboard the
aircraft is shown in Figure 3. The
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FIGURE 1. The Locations of the Various Sensors on the

Alrcraft
1) Sanpling Probe 3) Tenperature and
2) Dewpoint Sensor Rel ative Hum dity Sensor

4) Turbul ence Sensor
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FIGURE 2. The Sanpling Probe
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FIGURE 3.

the Aircraft

1) End of Sampling Probe

2) lce Nuclei Counter

3) Metrodata Magnetic Tape
Recorder

4) Power Control Panel

5) Condensation Nuclei Counter
6) Turbulence Indicator System

following paragraphs briefly describe
the instrumentation available for use
aboard the aircraft.

Meteorological and aircraft param-
eters are measured via three differ-
ent systems. The first is a Metrodata
Systems, Inc., Model M8 This system
measures temperature, humidity, air

BNWL-1850 PT3

The Locations of the Instrumentations Inside

7) SO Monitor

8) Royco Recorder

9) Pulse Converter

10) Royco Optical Sensor
11) Royco Display Unit
12) Pulse Height Analyzer
13) Paper Tape Printer

speed, altitude, bearings from two
points (VOR), distance from one point
(DME), and compass heading. The tem-
perature and humidity are obtained
from sensors in a probe mounted on
the nose of the aircraft (Figure 1).
The temperature sensor uses a
shielded, linear-response thermistor
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head, and the humidity sensor uses a
carbon-strip hygristor similar to
The air-
craft's Pitot-static system is con-
nected to a potentiometric transducer

that used in radiosondes.

to measure air speed and altitude.

The VOR and DME data are derived from
the navigational
craft.

receivers of the air-
These and the altitude are
used to determine the exact position
of the aircraft at any time.

The second system is a Cambridge
Systems Model 137-C3 aircraft hy-
grometer manufactured by EG§G for
measuring the dew point temperature.
The sensor is mounted on the left
hand side of the aircraft nose
(Figure 1).

The third system is a Universal
Indicated Turbulence System, Model
1120, manufactured by Meteorology
Research, Inc. |t measures the tur-
bulence intensity of a specific fre-
quency band which lies within the
inertial subrange. |t also measures
the air speed. The location of the
sensor on the outside of the aircraft
is shown in Figure 1.

A number of trace gas and aerosol
measurement systems have been adapted
for use onboard the aircraft.
include:

These

A Condensation (Aitken) Nucleus
Counter (General Electric): This
unit is capable of detecting parti-

cles larger than 0.001 um by measur-
ing the light scattered from water
droplets formed on particles which
are exposed to a high supersaturation
achieved by sudden expansion. The
intensity of light scattering is au-
tomatically related to the particle
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concentration; response time is about

2 sec.

A Whitby Aerosol Analyzer, Model 3030
(Thermo Systems, Inc.): This unit
samples air at the rate of 5 liters/
min and measures the concentrations
of particles in the range of 0.01 to
0.5 uym in 10 size classes. Typical
mass concentrations measured by this
unit range from 6 to 600 ug/ms.

A Royco Optical System: In this sys-
tem the aerosol particles are drawn
into a Royco Model 220 optical sen-
sor (Royco Instruments, Inc.,
Park, California), and light scat-
tered at 90° from the individual par-
ticles is detected by a photomulti-

Menlo

plier tube and pre-amplifier,
generating corresponding voltage
pulses. The voltage pulses are fed
into a modified pulse converter Model
171 manufactured by TII (Technical
Instruments, Inc., North Haven,
Connecticut), then to a TII Model
401-D pulse height analyzer (PHA)
operated in the Mossbauer mode, and
a TII Model 500-A paper tape printer.
This system is capable of simulta-
neously measuring the size distribu-
tion in the range of 0.3 to 5 um in
about 100 channels. The pulses from
the sensor are also fed into a two-
channel pulse height analyzer where
the concentrations of particles in
the size range 0.3 to 1 ym and
greater than 1 uym are recorded.

A Chemiluminescent NO-NO, Monitor
REM Model 642): This analyzer mea-
sures light emitted from the chemi-

luminescent reaction between NO and



ozone. Employing a reducing catalyst,
this is capable of detecting both NO
and NOX at levels below 0.1 ppm with

a 5 ppb sensitivity.

An S0, Monitor (Sign-X Laboratories,
Inc., Model 604B): In this instru-
ment the sampled air is mixed with

deionized water. SOZ’ in the air
sampled, is dissolved and ionized in
the water. The resultant increase in

conductivity is measured and related
to the SO2 concentration in the sam-
ple. CO
the O

2
scrubber

2 is known to interfere with

measurement; however, a
included with the instrument
can be used to remove the SO2 from
the sample and hence establish a base-

line for the measurement.

A Cloud Condensation Nucleus Counter
Inc.) : This
unit is capable of measuring cloud

(Meteorology Research,

condensation nucleus concentrations
at adjustable supersaturations in the
range 0.2 to 2%.

An Ice Nuclei Counter (MEE Indus-
tries):

This unit is a fast-response
counter for detecting and recording
ice nuclei in the concentration range
between 0.1 and 104
any activation temperature from 0°C
to -30°C.

nuclei/liter over

DATA RECORDI NG SYSTEM

A recorder input panel built into
the data acquisition system functions
as a convenient connecting point for
all signal inputs to an onboard
Metrodata Model
data logger.

DL620 magnetic tape
Precision 10-turn po-
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tentiometers at each input terminal
permit the operator to attenuate and/
or calibrate each data input signal
to a full-scale range appropriate to
All
or shielded,

the Metrodata recorder. data
lines utilize coaxial
twisted pair cable, and, insofar as

is possible, all lines and intercon-

nections external to the various in-
struments are shielded to preserve
data integrity. Auxiliary coaxial
connectors are available for simul-
taneous recording of the analog sig-
nals on chart recorders.

The Metrodata recorder may be used
in several input configurations rang-
ing from £10 mV to =5 V full scale
The
instrumentation presently installed

The

with a 2000-point resolution.

utilizes 10 mV and *1 V ranges.
recorder samples 18 analog inputs
(plus two real-time channels) at
rates up to 48 channels/sec. At the
minimum sampling interval, 4 hr of
recording may be accomplished on a
single tape cartridge. Analog inputs
are converted to digital form and re-
corded as four-character BCD digits
(sign plus three digits). Hours,
minutes and seconds data from a real-
time clock are recorded at the begin-
ning of each 20-channel scan.

DATA ANALYSLS

Upon recording of data, the mag-
netic tapes from the Metrodata re-
corder are brought to the Battelle,
Pacific Northwest Laboratories' com-
puter facility for further process-
ing and analysis. The central

processor in the facility is a Sys-

tems Engineering Laboratories SEL



840A. The magnetic tape records
acquired in-flight are read into the
computing system via a Metrodata
Model DL 622 tape reader. By means
of a high-speed electrostatic
printer/plotter, the tape record can
be output either as a numerical
ord or as a graphic representation
as a function of time.

rec-

I f more de-
tailed analysis of the recorded data
is required, the Metrodata tapes can
be read into the 840A computer, pre-
processed and/or formated, and re-
written onto industry-compatible
magnetic tape for processing on more
extensive computer systems.

CONCLUSIONS
A Cessna 411 aircraft has been in-

strumented for use as an airborne
laboratory for studying the behavior
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and characteristics of aerosol and
trace gases above the ground level.
It is capable of determining the par-
ticle size distribution in the range
of 0.001 to 5 um and the concentra-
tion of several trace gases as well
as some cloud physics parameters.
Meteorological and aircraft param-
eters are also measured. A magnetic
tape and a strip-chart recorder are
provided for data recording.,
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CHARACTERISTICS OF AEROSOLS FROM ST. LOUIS

A. J. Alkezweeny

Aerosol particle size distributions were measured over St.

Louis.

It was found that the concentrations of particles of

all sizes generally decrease with an increase in altitude and
that the size distributions in the same Zocation show a con-

siderable daily variation.

The volume distribution measured

with time peaked around 0600 for particles greater than 0.45 pm.
At noon an increase in the particles less than 0.45 um and in

the Aitken nuelei concentrations was observed.

Even though a

decrease in the Aitken nuclei count was measured downwind of St.
Louis, 1t was associated with an increase in the concentrations

of larger particles.

INTRODUCTION

For modeling the behavior and the
change in the characteristics of at-
mospheric pollutants four parameters
should be considered: 1) the meteo-
rology of the area, 2) the sources,
3) the removal processes, and 4) the
interactions between the component of
the pollutant, i.e., gas-to-particle
conversion, coagulation of particles,
and particle growth by condensation.
Removal processes are strongly linked
to the characteristics of the aerosol
and trace gases. The long-range ob-
jective of the USAECDBER program on
Atmospheric Aerosol and Trace Gases
is to study these interactions experi-
mentally and theoretically and to
construct submodels for inclusion in
general atmospheric response models.
Another objective is to determine the
effect of air pollution on cloud for-
mation and precipitation development
through nucleation, which is impor-
tant in the wet removal process.

A segment of this program was con-
ducted in St. Louis under the 1973

METROMEX project, which involved air-
borne assessment of trace consti-
tuents using an instrumented aircraft.
The results of this study are pre-
sented and discussed in this report.

EXPERIMENT

The measuring instrumentation was
mounted inside a Cessna 411 aircraft
described by Alkezweeny. (2) Specific
instrumentation included a General
Electric Aitken Nuclei Counter, a Mee
Ice Nucleus Counter, and a Royco Opti-
cal System. The latter consisted of
a Royco Model 220 Optical Sensor, a
pulse converter, a pulse height ana-
lyzer, and a digital printer, capable
of simultaneously measuring size dis-
tributions of aerosol particles in
the range from 0.3 to 5 ym diam in
about 100 channels.
channel pulse height analyzer and
recorder were connected to the opti-
cal sensor to record continuously
the concentrations of particles in
two size ranges, 0.3 to 1 ym and
greater than 1 pm

Another two-



The first two flights were made
on July 27 and 28.
tions were made through nine indi-
vidual plumes along the Mississippi
River. Later in the flight, about
12:00 noon local time,
size distributions were measured at
several altitudes from 1500 ft to
5500 ft M3 over the city center,
west of the river.

The third flight, made on August
1, concentrated on simultaneously
measuring the concentrations of par-
ticles in three size ranges, Aitken

Several penetra-

the particle-

nuclei range, 0.3 to 1 um and greater
than 1 um, at a constant altitude
(1500 ft ML) along the wind trajec-
tory. The flight path, totaling
about 120 miles, started upwind of
the city,
of it.

The last four flights consisted of

over the city and downwind

measuring particle size distributions
and concentrations of Aitken nuclei
at 2000 ft and 4000 ft M3
city and 50 miles downwind
They were made on August 2 and 3,
about 6 hr apart, starting at 0600,
1200, 1800 and 2400. During all
flights the sky was either clear or
there were a few scattered clouds,
and the wind speed was estimated at
less than 5 mph.

over the
of it.

RESULTS AND DISCUSSION

Aircraft penetrations through the
plumes along the Mississippi River
showed no drastic increase in the
count of ice nuclei above the sur-
roundings. The area along the river,
however, was observed to have high
(about

concentrations of ice nuclei
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50 to 200 nuclei/liter active at
-20°C), especially near the St.
Arch. |1t was initially suspected
that the high count might be caused
by noise from the instrument;
when the aircraft climbed to

Louis

how-
ever,
higher altitudes the count dropped
to zero. This observation is con-
sistent with our previous aircraft
measurement over the city,(s)
high concentration of the nuclei was
observed in the same general area.
Figure 4 shows the size distribu-
tions of aerosol particles over St.

Louis at four different altitudes for

when a

July 27. The results indicate that
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the concentrations of particles
larger than 1 um decrease faster with
altitude than do smaller ones. It is
possible that plumes near the sam-
pling site may have contributed to
the measurement at the lower alti-
tudes. The distributions at 1500 ft
and 5500 ft are plotted in Figure 5
as a volume distribution, along with
the distributions obtained on July 28.
It is interesting to note that re-
sults are quite different even though
they were taken at the same location
and altitude, but 24 hr apart. For
instance, the total volume of parti-
cles in any size range for the 28th
is much higher than that for the 27th
at 1500 ft.

Figure 6 shows the concentrations
of Aitken nuclei at a different loca-

tion along the flight path of August I.
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FIGURE 5. Particle Volume Distri-
butions over St. Louis

BNWL-1850 PT3

811173
6 | 1500 FT MSL
100 |
L ST. LOUIS
| ANDE. ST. LOUIS
g I
2 L
wy
[VE)
3
{(E 10 -
o -
- C
Q —
E L
<t
- —={30 MILES }=—
104 1 I S
1040 1050 1100 1110 1120 1130

LOCAL TIME

Neg 740225-10

HGURE 6. Concentrations of Aitken
NuclTei at Different Locations Along
the Flight Path of August 1

The concentration increases sharply
over St. Louis and East St. Louis
then slowly decreases for about

30 miles, followed by a faster de-
crease. This behavior can be assessed
by visualizing a parcel of air moving
over St. Louis. The rate of change
of the nucleus concentration within
the parcel can be represented by the
following equation

dN/dt = -KN?

+ Q (1)
where N is the particle concentration,
K is the coagulation constant and Q
is a source term that takes into ac-
count particle sources within the
parcel, such as generation by photo-
chemical reaction. When Q is larger
than KN2, an increase in the particle
concentration should be observed as
in the case over St. Louis and East

St. Louis. However, at a later time



when the two terms are about equal,

the rate of change of N will be small.

When the concentrations of gases re-
sponsible for the photochemical
tion are depleted and the parcel is
far from particle source (assuming

other source mechanisms to be small),

reac-

the coagulation term becomes dominant.

The result is a faster decrease in
the nucleus concentration. In this
range an increase in the concentra-
tions of larger particles should be
observed, an effect which can be seen
in Figure 7. The concentrations of
large particles in the two size
ranges increase to about double their
value over St. Louis.

If the Aitken nuclei were coagu-
lating only with themselves, an in-
crease in the concentration of parti-
cles only in the range 0.3 to 1 um
should be observed. Since the con-
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centration of particles larger than
1 um i s detected, it is indicated
that the Aitken nuclei are coagulat-
ing with the larger particles as
well.

The increase in the concentration
of particles larger than 1 pym may
have an important implication in in-
advertent weather modification. The
injection of these particles into a
cloud is expected to lead to the for-
mation of large cloud droplets which
could enhance precipitation.

During the measurement, the wind
speed was estimated to be about 5 mph.
If we assume that the wind speed and
direction were steady in the past
several hours, then we may approxi-
mate the change in the concentration
of Aitken nuclei, in Figure 7, with
Equation 1 and neglecting Q. The
value of K, for which the equation
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Flight Path



visually fits the data is 5.5 x 102

(m3/sec (see Figure 7). This value
of K is rather high for only self co-
agulation of the Aitken nuclei.
ever, considering that they are co-
agulating with larger particles, this
value of K

How-

is reasonable.

Figures 8a through 8d represent
the particle-volume distributions mea-
sured at 6 hr apart over St. Louis
and 50 miles downwind of it. The dis-
tributions obtained at 2000 ft M3
show an interesting feature. Early
in the morning the distribution peaks
around 0.45 pm, and the volume con-
centration is higher than at the
later time. This is probably caused
by the relative humidity,
high at this time.
was a decrease in the volume concen-

usually
Around noon there

trations for particles larger than
0.45 pm.
buted to the decrease in the relative
humidity and an increase in the photo-
chemical activity. Measurements of

This effect may be attri-

the Aitken nuclei during the same pe-
riod (see the figure caption) over
St. Louis shows a peak around noon.
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CONCLUSIONS

Measurements of the particle size
distributions show generally that the
concentrations of particles of all
sizes decrease with an increase in
altitudes. The distributions mea-
sured 24 hr apart in the same loca-
tion show a considerable daily varia-
tion. The volume distribution
measured with time over St. Louis
peaked around 0600 and has a peak
around 0.45 um. At noon an increase
in the particles less than 0.45 um in
diameter and in the Aitken nuclei
were observed, reflecting the effect
of photochemical reaction.

The decrease in the concentration
of Aitken nuclei with distance down-
wind of St. Louis was associated with
an increase in the concentrations of
particles in the range 0.3 to 1 um.
The rate of decrease in the nuclei
concentration was fitted by the
Smoluchowski coagulation equation.

Finally,
ment indicated that the city is a
source of ice nuclei, but we were un-
able to determine the sources of the
nuclei.

the ice nucleus measure-
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PRELIMINARY IN-PLUME MEASUREMENTS NEAR CENTRALIA

A .

Alkezweeny

Preliminary in-plume measurements of trace gases and particu-

lates were conducted near Centralia, Washington.
0.28 ppm NO, concentration was detected.

A maximum of
The measurement sug-

gested that aerosol particles leaving the stack undergo signifi-

cant coagulation.

Industrial plunmes offer some dis-
tinct advantages in studying the in-
teraction between aerosol particles
and the transformation of gases to
aerosols. Leaving a stack, gases and
aerosol particles in a parcel of air
may undergo several transformations,
including gas-to-particle conversion
particle coagulation, and sedi nment a-
tion as the parcel travels further
fromthe source. These processes de-
pend upon the neteorol ogical condi-
tions as well as the types of gases
and sizes of particles emtted from
the stack and can be investigated by
moni toring the concentrations of
gases and particul ates of different
sizes at different locations within
a plune.

A program has been initiated to
study the feasibility of conducting
i n-pl ume neasurenment for these pur-
poses, involving use of an instru-
mented Cessna 411 aircraft. The in-
strunentation carried onboard the
aircraft consists of a Ceneral Elec-
tric Condensation (Aitken) Nuclei
Counter, a Royco Optical Sensor con-
nected to a two-channel pul se hei ght
anal yzer, and a recorder to record
the concentrations of particles in
the size ranges 0.3 to 1 um and
greater than 1 um in diameter, and a

chemi [ um nescent NO- NO, monitor. Ini-
tial feasibility tests were conducted
during the fall of 1973 in the plune
of the Centralia steam plant |ocated
near Centralia, Washington

The first penetration through the
Centralia plume was nmade on Septenber
27, 1973 at 0930. The sky was clear
and a low fog was dissipating. The
plume fromthe stack was mixed with
anot her plume from an adjacent forced
draft cooling tower. Therefore the
result was a mxture of gases, parti-
cul ates and water droplets. The
flight path started upwi nd of the
plume to about 15 miles downwi nd at
about 1500 ft MSL. The results are
shown in Figure 9.

Al though the results are prelim-
nary and no conclusion will be drawn
fromthem a few interesting observa-
tions may be derived. For exanple,
the concentration of aerosol particles
inthe size range 0.3 to 1 um is
greater than 10° particles/ft3. Thi s
is the upper limt for the instrument.
The maxi num concentration of NO, was
about 0.28 ppm The figure also re-
flects plume-height fluctuations as
the plune travels downw nd.

Finally let us conpare the peaks
in the concentrations of particles
greater than 1 um to the peak in the
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it is assumed that the change in the
particle concentration due to plume
diffusion is independent of the parti-
cle sizes, the ratios of the concen-
trations at peak 2 (see Figure 9) to
those at peak 1 and 3 to 1 for the
larger particles should be the same
as for the Aitken particles. However,
the results show the ratios to be
higher for the large particles, indi-
cating coagulation of the Aitken
nuclei.

ment has indicated that it is feasible
to conduct in-plume measurement to un-
derstand the behavior of aerosol par-
ticles and trace gases emitted from a
stack. It further suggests the need
for the sampling system to dilute the
aerosol before it enters the measur-
ing instrumentation. Further, more
quantitative tests are planned for

the coming year.
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CONCENTRATI ONS AND RATES OF REMOVAL OF CONTAM NANTS

FROM THE ATMOSPHERE | N AND DOMNWND OF ST. LOU S

J. A Young, T. M Tanner, C. W Thonas,
N. A Wogman and M R Petersen

The atmospheric concentrations of trace elements, sulfates,
809, freons and CO were measured upwind, in, and downwind of
St. Louis to determine the rates at which these contaminants
are removed from the atmosphere by dry deposition and chemical

reactions.

The St. Louis metropolitan area
generates |arge nunbers of poll utant
materials, some of themtoxic, into
the atnosphere. These contam nants
are carried large distances by the
prevailing winds and may affect re-
gions considerably downwi nd of St
Loui s.
at rospheric concentrati ons of these
contamnants with time and distance
depend upon atnmospheric m xing pro-
cesses, wet and dry deposition on the
earth's surface, and in sone cases
chem cal conversion processes.

The relative inportance of mxing
processes versus renmpval processes in
decreasing the contani nant concentra-
tions downw nd of St. Louis may be
determ ned by conparing the concen-
trations of conservative contani nants

The downwi nd decreases in the

with the concentrations of reactive
contam nants. The Freons rel eased
into the atnmosphere by the St. Louis
nmetropolitan area are essentially
conservative, having residence tines
in the atnosphere of several years.
Freon-11, CC13F, is released into the
at rosphere prinmarily by aerosol spray
cans, while Freon-12, CC1,F, is re-

272
| eased primarily by air conditioners.

Car bon nmonoxide is often also con-
sidered to be essentially conserva-
tive, although it is known to react
at appreciable rates with soil micro-
flora, especially at warner

t enper at ures.

The concentrations of trace ele-
ment s, sulfates,soz, CO, and Freons
are being measured in air sanples
coll ected upwi nd, in, and downw nd of
St. Louis during July 1973 to deter-
m ne the atnmospheric concentrations
of these contam nants produced by
St. Louis and to determine the rates
at which the concentrations are de-
creased downwi nd by atnospheric m x-
ing processes, dry deposition on the
earth's surface, and, in the case of
S0, , chem cal reactions.

The aerosol sanples that are being
anal yzed for trace elenents by X-ray
fluorescence and neutron activation
were collected using HiVol punps to
draw air through 2-in. diamIPCfil-
ter papers at flow rates of about

1.2 n?/min. Sanmpl es were col | ected
for S0, anal ysis by bubbling air

t hrough sodi um tetrachl oronercurate
solutions at rates of 1 liter/min.
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Evacuated 460 cm® capacity gas cyl-

inders were used to collect whole air
samples for analysis for CO and
Freons.

On 6 days air samples were col-
lected on three arcs downwind of St.
Louis. The three sampling arcs were
set up 20, 40, and 60 miles downwind
of St. Louis on 4 of the 6 sampling
days; 20, 40, and 80 miles downwind
on 1 day; and 20, 50, and 80 miles
downwind on the other day. The sam-
pling arcs were set up by five people
equipped with completely mobile sam-
pling apparatus. n each day the
first arc consisted of five sampling
locations arranged more or less equi-
distant on a 30- to 50-mile line per-
pendicular to the predicted wind 20
Louis. The
length of the line was varied accord-

miles downwind of St.

ing to the uncertainty in the ex-
pected wind. The sampling sites were
located on side roads away from towns
and highways. At each of the sites
an aerosol sample and an S0, sample
were collected over a period of about
1 hr, and a whole air sample was col-
lected at the beginning of the sam-
pling period. The samples were col-
lected, as much as possible, at
approximately the same time at each
location. After collecting one set
of samples at the first site, the
five people moved usually 20 miles
downwind where they set up a second
site and again collected a complete
set of samples over a period of usu-
ally about 1.5 hr. They then again
moved usually 20 miles farther down-
wind and collected a third set of
samples over a period of usually

2 hr.
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The spacing of sampling arcs was
chosen so that the sampling sites
were moved downwind at about the same
The
elapsed time between the start of
sampling at the 20-mile arc and the
start of sampling at the 60-mile arc
varied from 5 to 6 hr on the days the
wind speed was predicted to be 5 to
10 mph. Because on July 27 the pre-
dicted wind was 10 mph, the third arc
was set up 80 miles downwind.

speed as the predicted wind.

On each sampling day at least one
set of air samples was collected up-
wind of St. Louis to determine the
contaminant concentrations in the air
entering St. Louis. Sequential sam-
ples were also collected on the roof
of the 10-story Federal Building in
Louis to determine the
On
2 days sequential samples were also

downtown St.
concentrations inside the city.

collected just east of the Mississippi
near Granite City. On 3 days vertical
profiles were taken using the Battelle
Cessna 411. Contaminant concentra-
tions as functions of particle size
will be determined from Lundgren im-
pactor samples collected upwind of

St. Louis, on the roof of the Federal
Building, and at two other sites in
the St. Louis area.

At present, analysis of the air
samples for SO2 and the Freons has
been completed, and the X-ray fluo-
rescence analysis for primarily lead,
(pre-
sumably primarily sulfates) is nearly
completed. Lead and bromine result
from automobile exhaust, while SO2 is

bromine, and particulate sulfur

also produced in large quantities by
fossil fuel-fired power plants. The
SO2 released into the atmosphere is
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converted fairly rapidly into sul-
fates. The neutron activation analy-
sis for other trace elements is just
starting, while the analysis for CO
has not yet begun, due to a delay in
the delivery of a CO analyzer.

The concentrations of

mine, SO

lead, bro-
29 and particulate sulfur
were reasonably uniform along each
sampling arc and also in sequential
samples taken at a given location.
the Freon-11 and Freon-12
Prob-

ably this large variation was at

However,
concentrations varied widely.

least partially due to the very short
2 or 3 sec sample collection period.
The wide variability of the measured
Freon concentrations will cause dif-
ficulties in the interpretation of
the measurements.

ments a method will

In future experi-
be devised to
collect whole air samples over a pe-
riod of an hour or two.
The concentrations of lead, bro-

mine, and. SO, in downtown St. Louis

averaged 20 ’fimes higher than the up-
wind concentrations. Freon concen-
trations were also considerably

Louis. The

lead, bromine, and Freon-11 concentra-

higher in downtown St.

tions at the 20-mile arc averaged only
20, 13, and 60%,
their downtown concentrations.

respectively, of

How-
ever, the 502 concentrations at the
20-mile arc averaged higher than the
downtown concentrations, presumably

because of the presence of large SO

2
sources along the Mississippi
of St.
winds the SO2 concentrations at the

20-mile arc east of St.

east
Louis. On days with westerly
Louis aver-
aged 2.5 times higher than those at

the Federal Building. On days with
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easterly winds, however, the SO2 con-
centrations at the 20-mile arc west
of the city averaged only 65% of
those at the Federal Building. The
large decreases in lead, bromine and
Freon concentrations between the
Federal Building and the 20-mile arcs
probably result from vertical mixing
of these materials through the bound-
ary layer. The smaller decrease in
the Freon-11 concentration may result
from a larger average distance of the
Freon-11 sources from the Federal
Building. Lead and bromine should be
produced in large amounts by the down-
town traffic, while Freon-11 is prob-
ably released in large amounts in the
suburbs. However, it is also possi-
ble that some of the decrease in lead
and bromine concentrations could be
due to the settling of large parti-
cles. The particle size distribu-
and bromine-

bearing particles will be determined

tions of the lead-

from Lundgren impactor samples col-
lected on the roof of the Federal
Building to determine whether parti-
cle settling can be a major deposi-
tion mechanism for the lead and
bromine.

The lead, bromine, and Freon-11
concentrations decreased slowly with
distance beyond the 20-mile arc. The
lead and bromine concentrations at
the outer arc (60 or 80 miles) aver-
aged 68 and 74%, respectively, of the
concentrations at the 20-mile arc.

If the occasional very high Freon-11
concentrations are ignored, the cal-
culated average Freon-11 concentra-
tion of outer arc becomes 90%of the

average concentration at the 20-mile
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arc, suggesting that atmospheric mix-
ing processes decreased the contami-
nant concentrations around 10%, and
that dry deposition processes removed
around 20%of the lead and bromine
between the 20-mile arc and the outer
arc.

The average S0, concentrations de-
creased with distance much more rap-
idly, decreasing to 27% of the 20-
mile arc concentration at the outer
arc. If it is assumed that the SO
concentration was decreased 30% by
mixing and deposition processes, as
was the case for lead and bromine,
then the conversion of S0, to sul -
fates alone would have been suffi-
cient to decrease the $0, concentra-
tion to about 40% of the 20-mile arc
concentrations at the outer arc. |If
it is assumed that the average wind
speed was 7 mph on days when the
outer arc was at 60 miles and 10 mph
when it was at 80 miles, then the
calculated half residence time for
S0, before being converted to sulfate

2
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or deposited becomes 3.5 hr. As
might be expected, the decrease in
S0, concentration with distance was
accompanied by an increase in the
sulfate concentration. The sulfate
concentration at the outer arc aver-
aged 125%of the concentration at the
20-mile arc. Unfortunately, the mea
sured sulfate concentrations are only
relative numbers, due to problems in
calibrating the X-ray fluorescence
analyzer for the low energy sulfur
X-rays. Therefore, at present, it
can not be determined whether the
concentration in the sulfate concen
tration i s equal to that expected
from the decrease in S0,. At | east
some of the aerosol samples will be
analyzed chemically for sulfate to
obtain a calibration factor so that
this calculation can be made.

The concentrations of lead, bro-
mine, and Freon-11 at the outer arc
averaged about twice the upwind con-
centrations, and S0, averaged seven
times the upwind concentration.

VERTICAL PROFILES OF TRACE GASSS IN ST. LOUIS

A, J. Alkezweeny

Airborne and ground measurements of NO, and NO have shown

their concentrations at 2,000

ft above the ground to be higher

than those at the ground and to decrease with altitude above

that eZevation.

During the 1973 METROMEX program,
an investigation was conducted to de-
termine the vertical profile of trace

gases over St. Louis and to compare
the results with those simultaneously
obtained on the ground. The ground



measurements were performed in the
Battelle Columbus air pollution

located near the St.
University campus.

trailer Louis
Above the ground
an instrumented Cessna 411 aircraft
was used. (3) The concentrations of
NOX and NO were measured with a REM
Chemiluminescence NO—NOX Monitor.
Samples of other gases were collected
in plastic bags for a later chemical
analysis.

In this report a summary of the
NOX and NO measurements is presented.
The results of the other trace gases

measurements, details of the experi-
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total of three flights was made dur-
ing the period of July 30 to August 1,
1973. Times of the measurements were
1525 to 1535 on July 30, 1105 to 1140
on July 31, and 1055 on August 1.

The results of these measurements are
shown in Table 1.

The concentrations of NOX and NO
at 1,000 ft above the ground were ob-
served to be higher than those on the
ground and decreased with altitude.
the concentrations in
the afternoon were higher than in the
The re-
reflect the signifi-

Furthermore,

morning for all altitudes.
sults ostensibly

ment, and interpretation of the re- cance of above-ground sources of
sults will be reported later. (4) A these gases.
TABLE 1. Vertical Profile of Trace Gases and Temperature
In St. Louis
Date Altitude, ft Temperature, °C NO,, ppm NO,, ppm NO, ppm
7/30/73 Ground Level 32.0 0.060 0.036 0.024
1500 27.7 0.100 0.030 0.070
2100 25.3 0.080 0.020 0.060
3500 22.5 0.060 0.010 0.050
4500 19.2 0.045 0.010 0.035
7131/73 Ground Level 26.5 0.022 0.014 0.008
1000 23.6 0.041 0.009 0.032
2500 12.1 0.040 0.014 0.026
4000 15.7 0.030 0.007 0.023
5500 15.9 0.022 0.003 0.019
8/1/73 Ground Level 21.8 0.020 0.011 0.010
1000 - 0.045 0.007 0.038
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REMOVAL AND RESUSPENSION PROCESSES

WET REMOVAL PROCESSES

Washout and in-cloud scavenging are important processes by which air pollutant
particles and gases are removed from the atmosphere. The primary objective of the precipita-
tion scavenging research at Battelle-Northwest is to develop methods for modeling and pre-
dicting of wet removal processes in the atmosphere.

This year several significant new findings in the precipitation scavenging program
have substantially altered our research emphasis. These have also caused us to reassess our
studies, leading to what could well be termed the "year of reappraisal' in precipitation
scavenging. Some important findings in this regard are listed:

e We have demonstrated mathematically that field and laboratory experiments of
washout using polydisperse aerosols, while suitable for determining the washout
characteristics of certain well defined aerosols, are of limited value as tests of
particulate washout theory; our below-cloud scavenging efforts are being revised
accordingly.

® An in-cloud tracer scavenging experiment performed at Quillayute resulted in
removal rates much lower than anticipated from previous results. This finding
appears to indicate that inter- and intra-cloud transport is more significant to
scavenging than expected previously. Consequent modifications of experiment
plans are being made.

e Substantial evidence suggests that under some conditions scavenged gases may
desorb significantly subsequent to the raindrops' impact on the surface. This
finding has strong implications to delivery-rate assessment and sampler design. As
a result a no-resuspension sampler is being fabricated and future tests of this effect
are anticipated.

® PRECIPITATION SCAVENGING

® FALLOUT PHENOMENOLOGY

e ATMOSPHERIC AEROSOLS AND TRACE GASES

e ENVIRONMENTAL PROTECTION AGENCY SCAVENGING STUDIES
e TRACER STUDIES IN THE METROMEX EXPERIMENT

e TRACER STUDIES IN THE NATIONAL HAIL RESEARCH EXPERIMENT
e RADIOACTIVE FALLOUT RATES AND MECHANISMS

e BATTELLE MEMORIAL INSTITUTE PHYSICAL SCIENCES PROGRAM
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PROGRESS REPORT
ON IN-CLOUD SCAVENGING IN FRONTAL STORMS

W. E. Davis, J. A. Young and J. M. Thorp

A report i s made on the successful in-cloud release of tracers
in a storm on December 5 1973 near Quillayute, Washington. Sug-
gestions are made for work to be completed before the nsxt test

series.

INTRODUCTION

The relative importance of me-
teorological and aerosol parameters
affecting in-cloud scavenging is
presently under investigation. Me
teorological parameters such as tem-
perature, lapse rate, wind speed,
wind shear, liquid water and verti-
cal velocity are being considered in
in-cloud scavenging test series.

The dependence of the rate and
efficiency of in-cloud scavenging of
aerosol particles upon aerosol parti-
cle characteristics such as their
size distribution, their wettability
or solubility, and their droplet
nucleating ability is poorly under-
stood at the present time (Slinn). (1)
A series of tracer experiments was
planned for the fall of 1973 to test
some of these effects. One experi-
ment designed to study the effects
of particle size distribution was
the simultaneous release of indium
by means of pyrotechnic flares and
iridium by means of aerosol genera-
tors. The generators produce parti-
cles smaller than 0.01 um by burning

acetone solutions of the tracer,
while the flare particle size distri-
bution peaks on the order of 0.1 um
(Dingle). (2) The larger flare parti-
cles should act as better condensa-
tion nuclei and might be expected to
be scavenged more rapidly than the
smaller generator particles.

The effect of particle solubility
was to be studied by the simultane-
ous release of a soluble tracer such
as lithium and a nonwettable tracer
such as iridium or indium. A water-
soluble tracer should act as a much
better CCN than a nonwettable tracer
and therefore might be scavenged more
rapidly (Semonin). (3)

In addition to the above primary
experiments, it was planned to con-
duct a few secondary experiments.

One was the burn of a rhenium-
europium mixture in the acetone gen-
erators to determine whether the two
tracers would behave identically,
showing the same deposition patterns.
A second experiment was the release
of lithium between the main bands of
a frontal storm to determine whether
there was significant precipitation



It was
also planned to release osmium into
a precipitating cell to determine
the suitability of osmium as a
tracer.

scavenging between bands.

EXPERIMENT

On December 5, 1973 the PPl radar
at Makah AFB near Neah Bay, Washing-
ton showed a cell imbedded in a fron-
tal storm moving toward the planned
release area near Quillayute. The de-
cision was made to release tracers
into this cell, and the Battelle
Cessna 411, equipped with indium
flares on one wing and two aerosol
generators on the other, was directed
to this cell. As the transponder
signal from the Cessna was displayed
on this radar scope, it was possible
to position the aircraft rather ac-
curately within the precipitating
cell.

When the Cessna reached the proper
position, an attempt was made to burn
the europium-rhenium solution in the
aerosol generators. But the genera-
tors refused to light, possibly be-
cause the burner nozzles had been
clogged by a precipitate which later
was found to have formed in the
tracer solution. The indium flares
were then burned from 0950 to 0956,
and a second attempt was made to
light the aerosol generators. This
time one of the generators fired and
the other did not. Hence, lithium,
iridium, osmium, and the remaining
rhenium-europium solution were re-
leased sequentially with only one
burner firing. The burn of the last
tracers was completed at 1025. The
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tracers were all released at 5000 ft
at an ambient temperature of 2°C and
in a stable layer. Pictures of the
scope displays of the RHI and PPI
radars at Makah AFB were taken
before, during, and after the tracer
release. Following the passage of
the cell, samples of rain were col-
lected from the 190 rain collectors

of the rain sampling network. Thirty-
five sequential samples were also
collected at several locations. The
samples are now being analyzed with
neutron activation for indium,
iridium, osmium, europium, and
rhenium, and will later be analyzed

by atomic absorption and anodic
stripping for lithium and indium,
respectively.

CONCLUSTONS

The positioning of the aircraft
using the PPl scope was highly suc-
cessful. When the scope showed the
plane moving toward the edge of the
cell, the pilot reported a decrease
in precipitation, and when the scope
showed the plane at the center of the
cell, the pilot reported maximum pre-
cipitation. It is unfortunate that
generator malfunction prevented the
simultaneous release of indium and
lithium. However, because the re-
lease of the water-soluble lithium
was immediately preceded by the re-
lease of nonwettable indium and im-
mediately followed by the release of
nonwettable iridium and osmium, the
results of the sample analysis should
indicate the relative scavenging
rates and efficiencies for the solu-
ble and nonwettable particles. The



fact that one burner failed to light
will make it difficult to determine
the effect of particle size upon the
scavenging by comparing the deposi-
tion of the indium from the flares
with the deposition of iridium, os-
mium, rhenium, and europium since
some large particles were certainly
produced by the raw release through
the unlighted burner. Even though
the rhenium-europium solution was
partly burned and partly released
raw, the deposition pattern should
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indicate whether the two tracers can
be expected to behave indentically.

FUTURE WORK

Once the analysis of this storm is
completed, the results will be used
to update experiments planned for the
next test series. Determination of
particle size in the indium flares
will be carried out as well as ex-
periments to determine the variation
of the size distribution with concen-

tration in the acetone burners.

A SUMMARY OF CURRENT FINDINGS FROM THE ANALYSIS

OF 1972 QUILLAYUTE SCAVENGING EXPERIMENTS

W. E.

Davis*

The results of two in-cloud releases of tracer in two frontal
storms at Quillayute, Washington are reported: o n March 21,
1972, In and AgI were released with little or no deposition; on
March 31, 1972 a rhodamine release showed values to 5x back-

ground detected in ground samples.

INTRODUCTION

Precipitation scavenging of par-
ticular pollutants by storms has been
of interest for some time, since
scavenging is probably the main
method by which the atmosphere is

* This research was conducted by mem-
bers of the Atmospheric and Ra-
diological Sciences Departments too
numerous to include in a compre-
hensive author's list.

cleaned of pollutants (see Precipita-
tion Scavenging, 1970). (4) Research
is presently under way to identify

variables which affect deposition of
tracers released in-cloud by precipi-
tation in frontal storms. Various

factors, such as chemical and physi-
cal characteristics of the particles,
i.e. particle size, solubility, etc.,
(see Slinn) (1) have been proposed as
affecting the removal efficiency of

material in-cloud. To test these

factors as well as meteorological



variables, i.e. stability, tempera-
ture, wind shear, etc., a series of
experiments has been carried out at
a test site on the Olympic Peninsula.
The following reports the results of
ongoing analysis of tests run during
two storms conducted during calendar
year 1972.

March 21, 1972 Storm

On March 21, 1972, a storm was
seen approaching the coast of Wash-
ington, and a decision was made to
release two tracers into the storm.
The object was to test two tracers
At 1738-
17492, 10 indium flares containing

of different solubilities.

45 g In/flare and 10 flares contain-
ing a total of 2 kg of Agl were re-
leased at 6800 ft at 0°C. Near the
time of release, the RHI radar at
Neah Bay, Washington, which was being
used in the experiment to identify
cells into which the tracer was to be
released, became inoperative. How-
ever, since the plane was in the air,
the decision was made to release the
tracer in a region noted previously
The re-
lease was made within an echo region
satisfying estimated conditions for
deposition of the tracer over the

as an area of echo return.

arcs (see Figure 1). The expected
deposition pattern was determined
from the wind field. Subsequent
analysis of collected samples indi-
cated that neither Ag nor In was
greater than background. Additional
samples both east and west of the
pattern were analyzed with the same
negative result.

The postanalysis of photographs
of the PPl at Neah Bay, Washington
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HGURE 1. Deposition of Rhodamine
in ng/sample

indicated no echos of any size or
consistency in the area of release.
Gladfelder(s) aboard the aircraft
noted areas of visual ground contact
during the release and also areas
with thin spots in the overcast. He
also noted that the release was made
in a precipitating cloud. Thus it
appears that although the release was
made in the frontal storm and in-
cloud, it was in a region with insuf-
ficient precipitation to deposit In
or Ag of detectable quantities.

March 31, 1972 Storm

On March 31, 1972, with a storm
seen approaching the coast, a de-
cision was made to release three

tracers, AgI, In, and the organic
dye rhodamine (see Slinn). (1) The
objective in releasing rhodamine was



to test the feasibility of using this
tracer for future in-cloud scaveng-
experiments.

The release on March 31 was the
second attempt to release rhodamine.
The first, on March 21,
ful due to a dispenser spray nozzle
being clogged by the solution. In
the second attempt the spray nozzle
was removed and the material released
by opening a valve, resulting in a
free release of the tracer. The
speed of the aircraft was relied

was unsuccess-

upon to break up the stream into
drops. Release occurred at an al-
titude of 6200 ft at a temperature of
2°C over an 18-min period. The dis-
persed solution consisted of rhoda-
mine dissolved in 15 liters of
methanol, resulting in a concentra-
tion of 40 g/liter. No attempt was
made to measure the size distribu-
tion resulting from the release.
However, Dana\m) estimates that the
release can be characterized by mass
medium particle diameter of 12

5 um. This estimate was based on
work by Wolf and Dana(” in their
studies of air-blast particle genera-
tion. To produce a better estimate
of particle size range, additional
work is necessary more closely ap-
proximating the actual release con-
ditions than those of a ground-based
generator used by Wolf and Dana.

The results of the scavenging ex-
periment are shown in Figure 1 where
the concentrations were plotted
after analysis in a fluorimeter.

The main result of the analysis is
that the maximum values are at best
5x background. Thus, some of the
deposition is probably masked in the
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background values. Further work is
necessary using a spectrofluorimeter
to separate background contributions
from the rhodamine analysis.

The main result of the meteoro-
logical analysis was deposition of
the material in an area and at a
position downwind where it was not
expected to arrive. As seen in
Figure 1, based on meteorological
wind analysis, the deposition pat-
tern assuming a 1.5 mn/sec fall ve-
locity should have been considerably
to the east. |In fact, the area
where the rhodamine was found was
analyzed because it appeared that a
background could be attained from
this region. Once positive values
were found, emphasis of the analysis
was shifted to this area, leaving
some samples further to the east
yet to be analyzed.

CONCLUSI ONS

Future tracer releases into
frontal storms will be coordinated
more closely with radar in order to
position the aircraft into precipi-
tating cells. The importance of
this requirement was borne out by
the negative results of the March 21
release in conjunction with our re-
sults from previous experiments.
There i s strong indication that
transport of tracers with respect to
cell movement within the storm sys- .
tem may be of primary importance in
determining overall scavenging
behavior.

Secondly, the March 31 test em-
ploying rhodamine as a tracer indi-
cated the feasibility of using it,



al though the method of rel ease |eaves
much to be desired. Further studies

are necessary to establish the concen-

trations of rhodam ne observed in the
March 31 sanples since the observed
val ues were close to background.
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Thirdly, a recheck of the wind in-
formation is required as well as

radar information in order to at-
tenpt to explain the deposition pat-
tern observed on March 31, 1972

A MODEL FOR CUMULUS WASHOUT OF COSMOGENIC RADIONUCLIDES

W,

A model
measurements i n rainwater

when evaporation i s included.

rate with environmental

BACKGROUND

Cosnogeni ¢ radi onucl i des have
been nmeasured in rainwater over the
past years (see Perkins et al., 1970
and Perkins et al., 1970). (8,9)
tenpts have been made to explain
these values by a nmodel for fronta
rain (Davis, 1972) .(10)

In the past, thunderstornms have
been associated with the renoval of
radi oactivity from hei ghts above the
base of the storm(Davis et al.
1968)(11) and Reiter and Mahl man,
1965. (12) one should al so suspect
that the thunderstorms in the
National Hail Research Experinment
(NHRE) in Colorado could also remve
cosmogeni ¢ radi onuclides from the
environnmental air. Measurenments are

At-

Davis

i s presented in an attempt to explain observed
from cumulus clouds.
cate that values measured on June 9,

24Na

Results indi-
1972 can be explained only

Also values for rising with no
mixing require ~97% evaporation of rainwater during fall to the
ground as compared to ~70% evaporation for a 50% linear mixing

air during rise.

now avail abl e of cosmogenic radionu-
clides in rain from cunmul us stormns
(Young 1973). (13) The following is
a report on a nodel intended to at-
tenpt to explain the observed val ues.

THE MODEL

A nodel was devel oped to study
cosmogeni ¢ radi onuclides in ascend-
ing air parcels and their changes in
concentration due to the bal ancing
of production and decay. Also an
assuned linear mxing was included
to permt study of estimated changes
of concentration in parcels due to
mxing with free air values of the
cosnogeni cs.

The tinme change of concentration
is given by



[a%

CTItl:-an+e+Krr*-Kn (1)
where a = decay (sec_l) and B is pro-
duction rate dpm/scm sec, n is con-
centration dpm/scm, and t = time. K
i s the mixing constant (sec'l) and

n* is the environmental free air con-
centration. |If we look at a free
air equilibrium, we arrive at

an* = B.

24Na from

Using the measurements of
Young et al., (14) e can approximate

the curve by
B = czd or n* = B - &
a
where z is height in kn and c is a
proportionate constant. Thus as a
parcel moves vertically with veloc-
ity w (m/sec_l), the production rate
can be represented

- j
B—C(Wt+zo).

We can rewrite Equation (1) with

ol = o + kK and gl = g + Kn* as
d 1 j
E% = -a’n + c(wt + 20):l (2)

and, integrating over time from an
initial height Zy and concentration
n, at time t = 0,
-alt + C t(z0 + wt)j eOL:Lt dt.
)

(3)
This equation was solved numerically
with varying w, zy, t and K. Thus
we have the model giving concentra-
tions at some height Z,
cloud. The next step was to assume

+ wt in
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that the concentrations were in the
precipitation phase and that after a
given time t* the rain reached the
ground.

The ratios as well as concentra-
tions arrived at were compared with
measurements made in the NHRE in
Colorado in 1972. The following is
the result of comparing the model's
results to measurements of “*Na on
June 9, 1972 at NHRE.

RESULTS

The model was run for vertical
velocities ranging from 1 m/sec to
10 m/sec. For the study a mean
vertical velocity of 2 m/sec was ap-
plied over 3000 sec from a zy =
1.5 km. The concentration of 2"'Na
(15-hr half-life) at the end of 3000
sec would have risen from 9.4 x 10°°
dpm/kg to 1.5 x 1074 dpm/kg with no
mixing to 8.3 x 1074 dpm/kg for 50%
entrainment during rise. A value of
8 g/kg, calculated from surface ob-
servations, was used for the mixing
ratio of the air at 1.5 kn for the
June 9, 1972 study. The air parcel
was allowed the same vertical rise
and the assumption made that all
cloud water was carried along with
the parcel. At the top of the rise
"3 g/m3 of cloud water was calcu-
lated as being produced. Assuming
the %*Na was all in the cloud water,
resulting concentration ranged from
v0.03 dpm/liter for no entrainment
during rise to ~0.20 dpm/liter with
50%entrainment during rise. The
latter concentration value was addi-
tionally increased by allowing en-
trainment of air with a lower water



vapor content, which in turn reduced
the liquid water produced.

Next a 4 m/sec average vertical
velocity was used with the result of
moving the air parcel from 1.5 kn to
13.5 km. The same mixing ratio was
used at 8 g/kg at the ground, again
carrying the water in the parcel and
assuming that all the 24Na was in
the water.

The resulting concentration would

be 4.3 x 10°% dpm/kg with no mixing,
and 3.4 x 107> dpm/kg with 50% mix-
ing. Again raising the parcel and

keeping the liquid water with the
parcel resulted in a concentration
of 0.06 dpm/liter with no mixing and
0.60 dpm/liter with 50%mixing.

If we assume 70% evaporation of
the original cloud water before it
reaches the ground and, further,
that all of the 24Na remains in the
water that reaches the ground, the
concentration range.for no mixing
would run from 0.10 dpm/liter to
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0.20 dpm/liter for 2 m/sec and

4 m/sec mean vertical velocity.
This is still below the observed
range in the June 9 case (see Fig-
ure 2).

Even using a mean vertical ve-
locity of 6 m/sec for 3000 sec would
increase the concentrations only by
a factor of 2, thus still leaving
the concentrations unexplained.
50%entrainment with 70% evapo-
ration would yield values of ~0.66
dpm/liter to ~2.0 dpm/liter. Thus
one could infer that the concentra-
24Na cannot be explained by
the no mixing case without higher
evaporation rates of ~97%. At pres-
ent the only measurements available
are rain gage and radar reports that
may provide some estimation of ex-
pected rainfall.
dar data for the storm has not been
reduced, attempts have not yet been
made to correlate the data more
closely with observations.

How-
ever,

tions of

However, since ra-

2.0

T
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O
Ono0™0,

{ i T ! !
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Neg 740788-2
FIGURE 2. Concentration of Na (dpm/liter) Versus

Rainfall Rate (cm/hr) for June 9, 1972



CONCLUSIONS

The study indicates that except
for evaporation of ~97% of the water
associated with 2*Na the surface
free air concentration cannot ex-
plain the 24Na concentrations in the
precipitation. When side entrain-
ment was tested, it was found that
by using a vertical velocity 4 m/sec
for 3000 sec, a mixing ratio of 50%
during rise, and also >70% evapora-
tion we could explain the observed
concentrations. At the same or
higher speed up to 6 m/sec for 4000

24Na in rainwater

sec, the values of
are of higher concentrations, but
the concentrations are still too

low to explain without evaporation

and/or scavenging during fall.
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RECOMMENDATIONS

As Young et al., 1973(15) suggests,
work considering side entrainment
throughout the vertical extent of an
existing growing cloud would yield
significant results.
study is the process of tapping as
the cell is growing up through lay-
ers of air and entraining material
from the environment. This study
in attempting
to estimate scavenging effects.

Finally, work will continue in
the study of storms measured dur-
ing NHRE, from which more data on
rain-producing clouds is available
in conjunction with cosmogenic ra-
dionuclide measurements.

One other

would also be useful

COMPARISON OF THE WASHOUT COEFFICIENT FOR A

POLYDISPERSE AEROSOL TO THAT FOR AN AEROSOL OF

FIXED PARTICLE SIZE

M. Terry Dana and J. M. Hales

When a polydisperse aerosol
washout coefficient,

to characterize the distribution by a single
If the differential washout coefficient i s expressed
i s expressed in terms of mass,

ticle size.

as A = er% and aerosol removal

isinvolved in a calculation of

considerable error can result from an attempt

representative" par-

the

error i s not eliminated unless the chosen representative size is
the (% + 3)th geometric mean particle radius.

Most attempts to determine wash-
out coefficients and efficiencies ex-
perimentally have involved the use
of polydisperse aerosols. The mea-
sured parameters are expected to de-
pend strongly on particle size, and

the usual procedure has been to de-
termine an "integral" washout coef-
ficient or efficiency (that is, one
that pertains to the total distri-

buted aerosol of study) by observing
the total mass of aerosol collected



by the precipitation. Oten some
representative particle size is cho-
sen which is assuned to characterize
the aerosol appropriately, and the
results are then reported in terns
of true "differential™ values which
correspond specifically to that par-
ticle size. To our know edge there
has been no serious attenpt to exa-
mne the errors associated with this
practice. It is the purpose of this
paper to address this problemtheo-
retically in an attenpt to provide
i nformation useful for inproving
the design of future experinments of
this type

To acconplish this
shall focus primrily
nition of the washout coefficient.
A parallel derivation can be pre-
sented in terns of collection effi-
ciencies; in the present context it
will suffice to consider washout
coefficients only. The relationship
bet ween the integral washout coeffi-
ci ent (based upon mass neasurenent)
and the differential washout coeffi-
cient is given by the form

obj ective we
upon the defi-

Ay =j£ Nr) m(r) dr, (1)
wher e Ay and Ar) , respectively,
represent the integral and differ-

ential washout coefficients, and
m(r) is the probability density
function characterizing the mass
associated with particle radius r of
the distributed aerosol

We next assune that the relation-
ship between the differential wash-
out coefficient and particle size,
over the size range of interest, can
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be approxi mated by a power-l aw
equation as
cra.

A(r) = (2)

This anounts to a "linearization" of
the true relationship expressed in
logarithmic form as indicated by the
straight-line fits to the hypotheti-
cal curve shown in Figure 3. If we
proceed to choose sone "representa-
tive" value of r (r = r') to char-
acterize the system as described
above, then the associated differ-
ential washout coefficient is
A(r') = cr'®. (3)
Si nce AL and A(r'), respectively,
correspond to the integral value and
the differential value based on an
assumed r', the objective of this

/
/
a= +2\I,

inr
Neg 740789-8
FIGURE 3. Schematic Show ng Linear-
ized Fits to Hypothetical Washout
Curve



paper can be fulfilled sinply by
conparing these values as they are
af fected by changes in pertinent
paranmeters of the system

Maki ng the additional assunption
that the aerosol count can be char-
acterized in terms of a | og-normal
di stribution

1
m ln o
g

f(r)dr

(Int - 1In T )2

o [

]d 1n r, (4)
2(1n og)
where o_ is the geonetric standard
deviation and r _is the nunber

medi an particle radius, one can
wite the mass density function as

r3 f(r) dr
./WrB qr) dr
(o]

Combi ni ng the above equations, the
ratio of the integral and differen-
tial washout coefficients can be
expressed as

m(r) dr (5)

jg %3 £(r) dr
o ) ] *
jr 3 £ dr

o]

1

T

Equation (6) consists essentially
of the ratio of nonents of the |og-
normal distribution. The genera
expression for these nonments is
(16,17) by

given
fr“ f(r) dr
o]

so that Equation (6)

21
In ,
(In 0.) |

(7)

2
n n
Tg exp [7

becones
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A
m

=(Ig>a exp|o 243 (In o )2
A(r') T’ 2 g )
(8)

Figure 4 shows val ues of Am/A(rg) for
several values of a, as a function

of ag. It is clear that a choice of
rg as representative particle size
can lead to considerable error,
especially as Og becomes large. |If
we choose r' = rng choose to
characterize the size spectrumby a
geometric mean val ue, Equation (8)

becones

o [

, l.e.,

A
m a 2
Ar) i + 3 - n) (1n Gg) ]’

(9)

I~ ANALYSIS ON MASS BASIS

T
-
~

100

T IIIVIl]

10

AmIA(r')

||l||T|']

10

01

Neg 740789-3

FIGURE 4. Ratio of Mass-Integra
Washout Coefficient to Differential

" Representative" Wshout Coefficient:
Various Sl opes of Differential
Washout Curve



whi ch is independent of rg(as in
Equation (8 when r* = r_). Figure
5 shows the val ues of Am/A(rng) for
a = 2--which is the approxi mate

val ue predicted by inertial washout
theory(ls)--for various val ues of
nand ¢ . The error is not elimi-

nated unl ess the chosen representa-
tive size is such that n = % + 3

Thi s approach can be generalized
to cases where the integral washout
coefficient is generated in terms of
particle size, area, or sone other
power of r. This is done sinply by
replacing the 3 in Equations (8 and
(99 by x, where: x = 0 for washout
in terns of number of particles;

X = 1 for washout in terms of parti-
cle length; x = 2 for washout in
terns of particle area; etc.

These results are significant in
showi ng that the method of sanpling
(e.g., by mass: X = 3) as well as
the differential form of the washout
coefficient can influence the results
of washout experinments when the
tracer aerosol is polydisperse. O
course, these results apply to the

BNWL-1850 PT3

L ANALYSIS ON MASS BASIS L.
a- 2 o9

I\mll\ r')

Neg 740789-2

FIGURE 5. Ratio of Mass-Integra
VWashout Coefficient to Differential
"Representative" Washout Coefficient:
Various r' for a = 2

washout of any pol ydi sperse aerosol --
natural or artificial--and show that
sonme know edge of the differentia
formis required to properly evaluate
the integral washout coefficient.
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A POSTULATED ESTIMATE OF WET VERSUS DRY DEPOSITION

DOWNWIND OF A POINT SOURCE OF POLLUTION

W. G.

Slinn

A simple postulate i s advanced which permits an estimate of
the relative magnitudes of wet and dry deposition downwind of

a point source of pollution.

The postulate i s an extension of

Chamberlain's estimate of the dry deposition velocity. Itis
assumed that the,deposition velocity for aerosol particles is
the product of u%/u by a particle-size-dependent collection
efficiency. With this assumption and approximations for the
washout coefficient, the ratio of wet to dry deposition i s found
to be independent of the characteristics of the pollution. Com-
parisons of the theoretical results are made with available
experimental data, and although the theory permits a reasonable
interpretation of the data, it i s seen that more data i s needed
before unequivocal conclusions can be drawn.

INTRODUCTION

Studi es of natural atnospheric
cl eansing processes have been plagued
for some tinme by the unanswered ques-
tion of whether wet or dry renoval
processes are nore significant.
Facy's oft-quoted estimate that " be-
tween 95 and 80%of the total anpunt
of radioactivity received on the
ground surface is included in rain or
snow" (Facy)(lg) should not be gener-
alized to provide a conparison of
wet versus dry scavenging for al
pol | utants, because obviously the
relative magnitudes of these two
fluxes depend on the source height
and the dispersive capabilities of
the atnmosphere. In the case of bomb-
debris fallout, the mgjor tropo-
spheric source is the stratosphere,
and therefore even a cursory estinate
woul d conclude that precipitation
scavengi ng woul d be nore significant
than dry deposition in the renoval

of fallout. 1In conparison, here we
propose to estimate the relative im
portance of dry deposition and below-
cloud rain scavengi ng, downwi nd of a
stack of effective height h, under
conditions of specified atnospheric
diffusivity.

WET DEPOSITION

To estimate the flux of pollutants
to the ground caused by bel owcl oud
rain scavenging (viz., "washout") we
first introduce some prelimnaries.
For particles and for gases which are
scavenged irreversibly (conpare
Hal es and Slinn),(20’21) t he washout
coefficient, A, is defined via

n(a,t) = n(a,o) exp [-A(a)t] (1)
where n(a,t)da is the nunber of aero-

sol particles (or gas nolecules) per
unit volume at time t whose radii are



between a and a + da. The washout
coefficient can be obtained fromthe
collection efficiency, E(a,R) via

( Engel mann) . (22)

Ka) =/wdR N(R) v(R R E(a,R) (2)

where N(R)dR is the nunber of rain-
drops (simlarly for snowflakes)
whose radii are between Rto R + dR,
and v, is the termnal speed of the
drops.

To estimate the washout coeffi-
cient we notice the simlarity of (2
with the expression for the rainfal

rate J _:
)

* 3
J=deNv 4 TR,
o t =5

o 3
In view of this simlarity and ac-

cepting that this entire analysis is
crude, we approxinmate (2) by

(3)

® 2
A(a) = Ew(a)fo dR N v TR
E (a)
3 Tw
7T TE®m Jo (4)

wher e E,(a) is an average collection
ef ficiency and R, is a characteristic
rai ndrop radius.

There are two other results which
provi de sone justification for (4).
In his experimental studies of sca-
vengi ng, Dana (?¢3) has found that if
he uses A = oF where E is the nean
collection efficiency (of the entire
raindrop size spectrumfor a given
particle size distribution) then a/J
is essentially a constant for pre-
frontal rain on the Oynpic Peninsula
of Washington. An average val ue for
a/J was found to be 1.4 mm L.
Further, el sewhere we have used the
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sem -enpirical fit to the collection
efficiency (Slinn) (18)

E(a,R) = [1-exp (_—E—t—)]

. <1 +0.4 Rel/28c1/3> (5)

where St, Pe, Re and Sc are the

St okes, Péclét, Reynolds and Schmi dt
numbers (with [engths based on the
drop radius) and k is a nunerica
constant near 2. Upon substituting
(5) into(2 and integrating over a
Khri gi an-Mazin raindrop size distri-
bution (e.g., see Zinin)[24) and

usi ng vy = 8000 sec:'1 R, one obtains

o= [ o ()]

+ 0.8 (1 + 0.8 ﬁel/ZScl/s)} (6)

Pe

wher e R is the nmean raindrop radius
and the dinmensionless groups are eval -
uated using R, Notice the simlar-
ity between (4) and (6). Thus these
two results and the realization that
the entire theory presented here is
approxi mate provide us wth enough
rationalization to proceed.

If the nunmber of aerosol particles
of radius a toa + da released during
dt froma stack of height h is n(a)
dt, then the nunber density downw nd
can be approxi mated by (Engel mann) (22)

n
n(x,y,z;a) = E




i?

where A  is the total (wet and dry)
removal rates, u is the nean w nd
speed and o, and g, are the crossw nd
and vertical diffusivities. The wet
deposition flux is obtained from(7)
by integrating over all z [or all

z > 0 if reflection were included

in (7)):

W(x,y;a) = __—ALE%%T77

u(2mo
( y
2 A X
exp ')L‘f - = (8)
Zoy u

Thus our approximation for the wet
deposition flux is obtained by sub
stituting our expression(4) for A

into (8.

DRY DEPOSI TI ON

Estinmating dry deposition involves
consi der abl e uncertainty. For the
wet deposition problemthe renova
rate was to be found by integrating
the collection efficiency over a
reasonably well known raindrop size
distribution. On the other hand, for
the case of dry deposition, the inte-
grals would be over all tw gs, blades
of grass, rocks, etc.! Further, in
the wet deposition problemthe rel a-
tive velocity between the collector
and the collected particles was the
termnal velocity of the drops; for
the dry deposition case we woul d need
to know the intricate details of the
wi nd around every el ement in the can-
opy cover of the ground.

To circumvent these difficulties
we foll ow Chamberlain's use of
Reynol ds' anal ogy (e.g., see Chanber-
lain or Pasquill)(25’26) and assume
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that these unbelievably conplicated
integrals have essentially been done
for us, if we know the flux of nomen-
tumto the ground, or equivalently,
the friction velocity

uy = (1,0 ®)

wher e T, is the surface stress and o
is the density of air. Thus it is
reasoned that the physical processes
governing the transports and the sur-
face boundary conditions are simlar
(but not identical) for both nmomentum
and pollution and therefore if we
know the flux of nomentumwe shoul d
be able to deduce the flux of a

pol | ut ant.
There are at |east two major prob-
lenms with this approach. In the

first, we nmust recogni ze that, es-
pecially near a stack, momentumwi ||
be " m xed" much nmore uniformy in the
at nosphere than will be the pollu
tant. Therefore the flux of nomentum
to the surface will be nuch |arger
than the flux of pollution. To over-
come this problem Chanberlain first
defines a deposition velocity for
monment um which is the nonentum f 1 ux
to the surface, Ty di vi ded by the
"concentrati on of nonentum" opu, at
some conveni ent reference height,
typically 1 m Thus the deposition
velocity for nomentumis taken to be

To Us (10)

PUinm

Then it is assuned that the deposi -
tion velocities (rather than the
fluxes) of nmonmentum and pol | ut ant
are equival ent.
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The second major problem is to
account for the differences in deposi-
tion velocities for different pollu-
tants. The above may be acceptable
for gases (e.g., Iz) which diffuse to
each collector (blade of grass, etc.)
as rapidly as do the air molecules
carrying the momentum, but it would
not be expected to be accurate for
some aerosol particles. Sehmel (27)
has recently investigated the dry de-
position of particles to various sur-
faces in a wind tunnel and shown the
significant variation of the dry
deposition flux as a function of
particle size. In the same spirit as
the other approximations made herein,
what we propose is just to adjust the
deposition velocity as given by (10)
with a multiplying factor Ed(a) to
account for the difference in the
collection efficiency between parti-
cles and perfectly retained gases.
Then the magnitude of the dry depo-
sition flux for perfectly retained
particles (or gas molecules) to the
surface is taken to be the product
of the deposition velocity by the air
concentration at the reference
height:

ux?
D(x,y;a) = E4(a) — n(x,y,z = 1 m).
Im (11)

We now need the air concentration
at the reference height, n(x,y,z =
1 m). By arguments similar to those
used to obtain (8), we propose to use
semi-empirical Gaussian distribution,
modified because of previous removal
by a factor exp(-Atx/a), where At is
a total removal coefficient. Further,
though, we note that in our expres-
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sion for the concentration we have
not taken into account partial plume
reflection at the ground. W con-
sider this neglect, as well as the
neglect of the spatial variation of
Ay, to be well within the general
level of accuracy of this crude
theory. If we now substitute n as
given by (7) into (11), then we have
for the dry deposition flux

D(x,y;a) = E4(a)

2 2 -A x
exp [— (_Y_ y o+ h Z)JeXp (—y . (12)
ch 20,

WET VERSUS DRY DEPOSI TI ON

Dividing (8) by (12), we obtain an
estimate of the relative importance
of wet versus dry deposition down-

wind of a stack of effective height
h:

t

w Jouan {92 h2
m \

d Uy

o=

~N

where C is a constant which is hoped
will be near unity. As might have
been expected (13) predicts that the
ratio is independent of source
strength and of crosswind location.
It depends (strongly) on downwind
distance because of the variation of
g, with Xx.

There i s one further major approx-
imation we propose to make. W pro-
pose to equate the particle size de-
pendencies of the two collection
efficiencies and thereby cancel E
and Ed from (13), leaving only a
numerical factor, independent of
particle size.

w



There are a nunber of reasons why
we believe that this procedure is
acceptably consistent with the other
approxi mati ons we have made. First,
| ooking at the collection processes
in broad outline, we see that on the
one hand, the collection is by ob-
jects of characteristic length in
the range 0.05 to 5 nmand for rel a-
tive velocities between the air
and the collectors of typically
1 cmsec™t to 10 nlsec'l, and on the
ot her hand, the lengths and relative
velocities for the other process are
simlar. Second, |ooking at the
m crophysi cs of the processes, we see
that in both cases the large parti-
cles are collected by sinmilar neans
(inertial and phoretic effects) and
simlarly for small particles (diffu-
sional and electrical effects)

Finally, though, we are faced with
the realismof our present very in-
conpl ete know edge of either collec-
tion efficiency, even for controlled
| aboratory conditions and idealized
theories. Further, evenif rapid
progress is made in these areas, the
results may have little applicability
to collection efficiencies in the
real atmosphere, under conditions of
m crot urbul ence, coagul ati on anong
aerosol s, chemical conversion of
trace gases, condensation of water
vapor, degree of particle wettabil-
ity, electrical interactions, and
the like. However, both wet and dry
deposition processes will probably be
affected simlarly by this host of
possibilities and therefore we con-
clude that even under these rea
conditions (and perhaps, especially
because of then) we can proceed to
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take E = kE;, With k not dependent
on particle size

In Figure 6 the ratio of wet to
dry fluxes (with E = Eq) is plotted
as a function of o  for various
ef fective stack heights and rainfal
rates. We notice from(13) that as
a + 0, WD~ =»(which follows since
the air concentration at the ground
is then vanishingly small); as
g, > =, WD + « (which follows since
dry deposition is literally a surface
phenonenon whereas raindrops "inte-
grate" through the entire volune);
and WD has a mi ni num at g, = h.
For o, = 0.1 x, this mninum occurs
at 10 stack heights downw nd of the
source. For Figure 6 we have used
C=1, R =03m and d = 5msect
and have shown two cases for the prod-
uct hJ . Notice in(13) that the
ratio of the fluxes depends directly
on the product LI Thus the upper
curve is appropriate for hJ = 250
mmm hr °~ (e.g., h = 50 m, J0 =5
Lor h =100 m, and Jo * 2.5
nnwhr'l), whereas the bottom curve
is for hJ = 50 mmmhr t.  Other
cases can be found easily. In doing
this we are ignoring the (weak)
dependence of R on J_(typically
Rm v Jol/s).

Wth these results available it
m ght be thought that we are in a
position to evaluate the relative
i mportance of wet versus dry deposi-
tion downwi nd of a particular pollu-
tion source. However, there is nore
i nformation needed besides the ob-
vious need for the specification of
the receptor's location and for
climatological data on total rain-
fall and o, . Namely, it is neces-
sary to know the variation of the

mm hr~
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FIGJRE 6. The Ratio of Wt to Dry
FI'ux Downwi nd of a Stack of Height h

when the Rainfall Rate is J . To
obtain these results it was assumed
that the wet and dry collection

efficiencies are equal and that
R =03 mand d =5 m sec™1
renoval rates (or of the collection

efficiencies) with other meteorol ogi-
cal conditions. The seriousness of
this need is well illustrated by the
wet deposition data obtained by

Engel mann et al. (28) for i norganic

i odi ne, who found that process-plant

i odi ne was renoved three orders of
magni tude nore rapidly than iodine
rel eased froma tower during a con-
trolled field experiment. The specu-
lated cause of this difference was
chat there was sufficient water vapor
in the plant stack gases to cause
condensational growth of water drops,
these drops collected the iodine,

and in turn it was these drops which
were washed out so efficiently. |If
this is indeed the case, then we
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woul d need to take E, and per haps By
near unity on rainy days, but perhaps
a three orders of nagnitude snaller
E; on days with low humdity. One

m ght expect similar najor varia-
tions, for exanple, for SCE whi ch on
hum d days may be rapidly converted
to sul phate particles and be renoved
rapidly if they grew to |arge

(~10 um) dilute, sul phuric acid drop-
lets, but renoved much nore slowy

if they remained as, say, 0.1 um
particl es.

In spite of the crudeness of the
entire approach taken here, it would
seem prudent, in view of the above
remarks, to not yet attenpt to pre-
dict the relative inportance of wet
and dry deposition on a climatol ogi-
cal basis. However, for specific
net eor ol ogi cal conditions and for a
speci fic downwi nd | ocation, then the
ratio woul d be given as in (13) or
as shown in Figure 6. Further, we
could attenpt to assess the ratio of
the two integrated depositions during
a particular rainstorm In this
case, from (13), the total wet
deposi tion (excluding in-cloud scav-
enging) is just

E (a) - T 00 -AX
g ?T/ Jodt/ exp( g )dx.
m o 0

(14)

TWD =

3
T

If we continue to ignore the vari a-
tion of Ay with distance and take 30
to be the average rainfall rate
during the rain storm then (14)

yi el ds

TWD = (15)



Evaluating the total dry deposi-
tion is more difficult. Similarly to

the above, we would obtain from (12):

TDD = E,(a) ug arfT AL
d 1-12 ) m OZ
2 =A.X
exp (_—h—z) exp ( é)dx. (16)
20

A reasonable specification for a,
might be

0.1 x, o, < H/2
c_ = , (17)
z H

H/Z, -2-<X<°°

where H is the height of the mixed
layer. Another alternative is

o, = kH [1 - exp (L%i)], (18)
where a depends on the stability and
kZ is an appropriately chosen con-
stant. However, both these choices
leave us with an intractable integral
to perform. What we propose to do
for the present is just assume that
upon leaving the stack, the pollutant
is instantaneously mixed throughout
the mixed layer of height H. This
will result in an overestimate of the
dry deposition adjacent to the stack,
an underestimate at x = h, and then a
fairly accurate estimate at larger X.
Since we are comparing the total dry
and wet depositions, it is suspected
that the error caused by this approxi-
mation will be tolerable. Then (16)
simplifies to

Uy M
O = Ey(3)— pp— (19)
u t
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The ratio of total wet to total dry
during the rainstorm is then

[}

o uH (20)
R~ 2
m Uy,

o

™ ~“ 7k

™D _ 3
4

c

where Ew(a) = kEd(a). The result (20)
is essentially the ratio of the two
characteristic rate constants Jo/Rm

and u*z/ﬁH. For Jo, = 5mm hr'l,
R = 0.3mm ii =5msec’™, u, = 50
an sec™! and H = 1 km, the ratio (20)

From the data to
be discussed in the next section, a

value for k of about 0.2 may be appro-
priate.
ing the rainstorm wet deposition is

has the value 70 k.

This would suggest that dur-

about 10 times more important than

dry deposition (for the above stated
conditions).
cal assessment of the relative impor-

To obtain a climatologi-

tance, one must first decrease the
ratio by the ratio of dry to wet days
(which might thereby decrease the
above result to unity) and then (prob-
ably) increase the ratio again, to
account for lower E, on dry days than

d
on wet days.

COMPARISON WITH EXPERIMENTS

Recently Dana and Wolf (29) and
Wolf and Dana(” conducted a number
of deposition experiments at Quilla-
yute on the Olympic Peninsula,
Washington. They measured total de-
position of an aerosol tracer in
samplers on arcs located 15.2, 30.5
and in some cases 45.7 m downwind
of an 8m tower. These will be
referred to as Arcs A, B and C,
respectively. The tracer used was

a dry generated, water soluble



fluorescein aerosol dye of particle
mass medi an di aneter of about 10 um.
Pertinent data fromtheir reports for
four successful tests is shown in
Table 1. Many other experinments were
perfornmed, but only for these is

i nformation on o, given. In parti-
cul ar, o, was inferred from neasure-
ments of 9, via the relation

o, = 0.81 o0.,x

z ¢

ag
0.81<0.67 55>x, (21)

whi ch they obtained from studies by
Islitzer (3%) and Elderkin and

Hinds. 31) Since it will be seen how
sensitive are the predicted results
to an accurate specification of g,
we shall later investigate the conse-
quences of the relation

o, = kz°¢x’ (22)
with kZ a free paraneter, near the

val ue used by Wl f and Dana. (7)

In Table 1, Ay is the experinen-
tally observed, crosswind integrated
fractional renpval rate, to which
both wet and dry processes contribute.
To obtain the corresponding frac-
tional removal rates predicted by
theory, we return to the expressions
given for either flux, say F. |If
either flux is integrated over y from
- t0o +«, then the crosswind inte-
grated anmount of material deposited
on a strip of width dx during time dt
is

+o
dxdt/ dyF(x,y).

oo

During dt, the anpunt of nateria
released is ndt. Therefore, using
dx/dt = u, we have that the frac-
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TABLE 1. Experinmental Data for
Experinments UL 1, 2, 4, and 6
from Dana and Wl f (1968)

u JO AX

x -
Test Arc m (m seci) UQ mm_hr 1) (x 104 sec)

uL-1 A 15.2 4.92 0.306 7.5 11.0
B 30.5 19.8
UIL-2 A 15.2 5.81 0.463 6.0 13.2
B 30.5 26.2
UIL-4 A 15.2 3.80 0.162 1.5 1.8
B 30.5 7.4
UIL-6 A 15.2 1.79 0.206 1.9 3.1
B 30.5 5.0

C 45.7 9.5

tional renpval rate attributable to
the flux F is

— +
%[m dyF (x,y).

For the experiments under considera-
tion, Ay is typically 1073 sec'l, and
therefore the effect of previous
removal (i.e., the exp(-Atx/ﬁ) term,
can be ignored. Consequently we take
as theoretical predictions the

expressions

z J

hy(@) = g By g vl (23)
and
2
l u* 1 _hZ\
A,(a) = — E,(a)— =— ex .
d o e P (zci)

(24)

In(23) we have included a func-
tion w(x) to account for the fact
that raindrops do not fall vertically
unless & = 0. Thus sone of the smal
drops that land in a sanpler may not
have passed through the plune. To

¥



estimate this "plume undercutting
effect” we notice that to evaluate
the wet deposition flux, we should
not integrate over all drop sizes,
but only those whose settling ve-
locity, Ve, satisfies v, 2 hii/x.

If we use the Khrigian-Mazin drop
size function and assune as a first
approxi mation that v, = (8000 sec”!
then from(2) it is easy to deternmne
that an approximte correction for
this effect is

1

w(s) = 37 exp (-¢)
(g% + 38% + 68 + 6), (25)
where 5 = ha/xv, i n which v is the

settling speed of the nean size
drop. *

In Figure 7 we have plotted Ays A
and their sum for Jg = 2.5 mmhr”
R, = 0.3 mMm 4 =5 nlsec 1, h =8m
u, = 50 cm sec 1, and g, = 0.1 x for
the case that E, = Ey = 1. Aso
shown are the locations of Arcs A, B,
and C for these hypothetical experi-
mental conditions. It is obvious
that this hypothetical case foretells
that we will have difficulty extri-
cating the separate contributions
fromwet and dry deposition in the
experimental results.

Table 2 shows a conparison of the
theoretical predictions with the
experimental results. For this pre-
diction we have tried to take sone
account of the change in nean drop

d

we integrated RZVSN(R)dR
rather than R3, etc.. for simplic-
ity. The difference is relatively
i nsignificant.

* For ()

)R,
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FIGURE 7. The Fractional Renpval

Rates (A, - dry and A, -

- wet t
total) as Ya Functloﬂ of D st ance "Down-
wind froman 8-m Source for Jg = 2.5
nﬂ]hr 1, r =0. 3 mm u = 5 msec-1,
u, = 50 CﬁPsec

, o. =0.1x and as-
sunming E Eqg = 1.7 The Tocations o
Arcs A, § and C for Wlf and Dana's

Cuillayute test series are indicated
by arrows.

f

TABLE 2. Conparison of Theoretical
Predictions wth Experinental

All A's Are To Be Miultiplied by
10-4 sec”1

Test Arc Aw/Ew Aw(a) Ad/Ed Ad(b) At(C)
UlL-1 A 45.2 9.0 2.1 2.1 11.1
B 46 9.2 5.8 5.8 15.0

UIL-2 A 37 7.4 9.6 9.6 17.0
B 37.7 7.5 10.1 10.1 17.6

UIL-4 A 11.4 2.3 0.004 0.004 2.3
11.5 2.3 0.80 0.8 3.1

UIL-6 14.1 2.8 0.26 0.26 3.1

14.1 2.8 5.3 5.3 8.1

0O = r w

14.1 2.8 7.1 7.1 9.9

a. Assuming E
b. Assuming E

C'At=Ad+ w

di
o
)
o

Resul t s;

A
X

11.0

19.
13.
26.

size with rainfall rate through use
of Dana's result $32) for Olympic
Peni nsul a rain, that

8

z



. 0.15
R (mm) = 0.25 J_ ,

l).

(J, in mm hr~
In addition, we have used Dana and
Wolf's expression for a, gi ven
earlier, Equation (21), and al so have
used u, = o¢0n sec’™ in an att enpt
to account in some manner for the
dependence of u, on the level of

t ur bul ence.

A first inpression from Table 2
should be some surprise that the
theory is as close as it is! |If
j udi ci ous choices of E and E  are
made, then the fit can be nade even
closer: for exanple, the results
from taking E, = 0.2 and E; = 1.0
(k = E /E; = 0.2) are shown.* Never-
thel ess, the fit between theory and
experiment is not sufficiently
accurate to resolve which of the pro-
cesses, wet or dry renoval, is of
maj or inportance during these experi-
ments. There is a suggestion that
dry deposition was nore inportant;
al most certainly both processes con-

tributed to the total removal. Appar-

ently the plume undercutting effect
was of negligible significance.

The reason the question cannot be
resolved using this data is that with
such a low rel ease el evation o, nust
be known with consi derabl e accuracy.
To see this nore clearly, we have
plotted Ay/E4 in Figure 8 for each

* No significant effort was expended
to find "best" choices of E_ and Eq
for reasons nentioned later” Note
that the range Ey > 1 could be con-
si dered since it would nean only
that the Farticles are renoved nore
efficiently than momentum

BNWL-1850 PT3

l RUN O u
Bl 2 0483 sa
< | 1 0306 49
Sl 6 0 179
=1 4 0162 380
(=]
%
< 8~
=]
g 6
2 UlL 2
2
&

0 —_
1
DOWNWIND SCALED DISTANCE, & = ky X (m)

Neg 734803-2

FIGURE 8. The Predicted Dry Rempva
Rate as a Function of Downwi nd Dis-
tance for the Conditions of UL

Tests 1, 2, 4 and 6, Using k, = 0.81.
Notice how significant a slight
change in kx, would be on the relative
| ocations of the arcs and therefore
on the predicted dry deposition

of the four experiments. The
abscissa is 5 = k_x, wher e o, =
kzcwx, and the |ocations of the three
arcs for the case k, = 0.81 are
shown. If, as an exanple, the loca-
tions of Arcs A and B with respect
to Ul L-2 are noted, then it is seen
how significant would be a slight
change in k. Arc B would be at the
peak of the dry deposition curve if
k, = 0.57 and then Arc A would be

at ¢ = 8.66. This would yield
Ag(xg) = 11.1 x 1077 sec™! and
Ay(x,) = 4.8 x 107" sec™, which is
a substantial change fromthe val ues
given in Table 2.

A further point that should be
mentioned is as follows. In earlier
versions of this report, the author
was often plagued by the thought that
the predomi nant result denonstrating
wet deposition to be the nore signi-

ficant renmoval process during these




experiments was that A, Was very
nearly proportional to Jos the rain-
fall rate. However, if we | ook
again at the data, see Table 3, it is
seen that not only did Ay i ncrease
With I but so did c¢(mhich m ght
have been expected). In fact the
increase in At is even nore closely
correlated with the increase in o,
rather than with Jo+- It is hoped
that further experinments will be
perfornmed to investigate this nmatter
t hor oughl y.

oserved Vari ations
and At

TABLE 3.

0 JO’ Tg»

J
Test ( nwnh%'} a4 %§(§%4 ééég)

ulL-2 6.0 0.463 13.2 26.2
uL-1 7.5 0.306 11.0 19.8
Ul L-6 1.9 0.206 3.1 5.0
U L-4 1.5 0.162 1.8 7.4

CONCLUSI ONS

As mght be expected, the first
sunmary statenment the author desires
to nake is that he does not expect
this theory to be very accurate.
Sone of the major assunptions that
were nade are the following. To ob-
tain the wet deposition flux, the
dependence of the collection effi-
ci ency, Ew(a), on drop radius, R,
was ignored and an extra R was pl aced
inside the integral of Equation (4.
To obtain the dry deposition flux,
Chanberlain's use of Reynolds' anal -
ogy was extended by multiplying the

BNWL-1850 PT3

deposition velocity by a particle-
si ze-dependent collection efficiency
E4(a). Then, to obtain the ratio of
wet to dry fluxes, it was assuned
that the particle size dependencies
of the wet and dry collection effi-
ciencies were the sane: E = kE;.

Throughout, extensive use has al so
been made of Gaussian distribution
for the air concentration. Normally
one woul d think that this assunption
is acceptable--certainly stronger
than the other assunptions which were
nmade. But there are certain dissatis-
fying aspects of its use which should
be nmentioned. It is well recognized
that the Gaussian distributionis a
ti me-snmoot hed approxi mation to rea
concentrations, which one hopes
woul d sufficiently accurately de-
scribe | ong-termaverage concentra-
tions. In a sense, then, the
Gaussi an distribution should be a
rat her insensitive, coarse descrip-
tion when used in the formfor exanm-
ple, exp[-(z - h)2/20§] as a func-
tion of z. But here, inthe dry
deposition theory, it appears in the
forn1(1/cz) exp (-h /205), as a
function of g, This is an extrenely
sensitive function of o . In t he
limt, if one had ozr»xn, n |arge,
then what was originally chosen as an
i nsensitive function of z becones
simlar to a Heaviside step function
in C Thus the use of the Gaussian
di stribution cannot be considered a
trivial approximation

Al t hough the results obtained here
are expected to be only order-of-
magni tude estimates, it is noted that
they may substantially sinplify eval -
uating deposition downw nd of a point



pol lution source. Thus if wet and
dry collection efficiencies satisfy
Evﬁa) kEd(a), with k independent

of a, this will elinmnate essentially
hal f the problem at |east on wet
days. However, this is based some-
what on an unfortunate aspect of

at mospheric cleansing studies that
has persisted for some time, ever
since the earliest wet deposition
studies by McCully et al. 33) and
Nhy.(34) It is that atnospheric

cl eansing studies have tended to
focus on one or the other of wet or
dry deposition, separately. But the
probl em of concern is the total de-
position downwi nd of a point source
of pollution, and the relative con-
tributions of wet versus dry deposi-
tionis a rather acadenm ¢ distraction,
at least for the stated problem

Thus, unless the study of the sepa-
rate parts of total deposition is
needed to evaluate this total deposi-
tion, we recommend that nore enphasis
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be placed on the total problem
and less on its separate parts
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WET AND DRY ATMOSPHERIC REMOVAL PROCESSES

FOR RADIOIODINE

L. C. Schwendiman, J. M.

Hales and R. Mahalingam*

A study i s under way to evaluate the relative importance of
all processes which remove radioiodine in all its forms from

the atmosphere.

The washout of gaseous iodine i s shown to be

dependent on the gas phase and liquid phase mass transfer re-
sistance and on the changing partition coefficient as the con-

centration in the droplet changes.

Application of the models

developed to the very Zimited data available show qualitative
agreement. Washout rates are lower with realistic evaluation

of the influence of liquid phase resistance.

The more recently

developed EPAEC model was applied to an initial case for various

iodine release rates.

A study was initiated to clarify
the relative inportance of precinpi-
tation scavengi ng and dry deposition
processes for radioi odi ne renoval .
The rel ease of radioiodine fromnu-
clear facilities, although being
greatly limted by AEC regul ations
to "as low as practicable,"
 ess continues to account for a
large fraction of the dose commit-
nent to persons in the environnent.
For routine rel ease, those cal cul at -
ing dose assune that dry deposition
is the dom nant nmode of renoval from
the air. Yet in regions of persis-
tent, high rainfall the point of
mexi mum concentration and its conse-
quences coul d be altered by precipi-
tation scavenging in the assessment
of dose. Furthernore, the possible
i npact of accidental releases from
nucl ear power plants and fuel repro-
cessing facilities could be signifi-
cantly affected by assunptions con-

* Professor of Chenical Engineering
Washi ngton State University,
Pul I man, WAshi ngt on

nevert he-

Continued study i s planned.

cerning the inportance of rain
washout. Should a reactor accident
occur in a heavy rain the |ocation
and concentration of iodine on the
ground woul d be different than for
dry deposition.

Anot her aspect which is to re-
ceive attention is the significance
of the physical formand chenica
nature of the iodine for the atno-
spheric process of interest. Most
frequently the assunption is nade
that iodine exists as a true vapor
yet at ordinary tenperatures the
vapor pressure of iodine is very |ow,
suggesting that iodine vapor woul d
tend to condense and readily form
particles. Experience has shown
that the frequent seem ng anomal ous
behavi or of iodine mght be ex-
plained by the strong tendency to
"plate out” on solids. Wether
i odi ne exists as el emental nol ecul ar
iodine or in organic forms such as
net hyl iodide nust also be
i nvesti gat ed.

The initial effort in this work
has been directed toward atnospheric



rain washout of gaseous iodine. Un-
til quite recently nodels have been
enployed in which it is assuned that
the only resistance to nmass transfer
is in the gas phase. Qur effort has
been to investigate these and nore
recently devel oped washout nodels
in which the resistance in the liquid
droplet is accounted for.
Unfortunately, little experi-
mental data is available on the wash-
out of iodine in the atnosphere. By
contrast many experinments have been
performed in vessels in which heavy
sprays were enployed.(SS) W have
attenpted to account for the | ow
washout coefficients obtained by
R J. Engelnann(36) by accounting
for resistance to mass transfer
within the rain droplets. The
fractional renoval rate was cal cu-
lated by using estimtes of the
liquid mass transfer coefficient
along the lines suggested by
criffiths 37) and partition coeffi-
cients as a function of iodine con-
centration fromDiffey et al. (38)
Since no information regarding
iodine air concentrations was avail -
abl e from Engel mann's experiments,
two base concentrations for the |ow
rainfall point (0.18 mm/hr) were
assumed. These concentrations have
been prorated for the other rain-
fall points. The first concentra-
tion, 1.06 x 107 g mol of iodine/
liter of water, was obtained by
iteration frompartition coeffi-
cient data with an assumed ground-
| evel atnospheric concentration of
0.15 mg/m3. The latter concentra-
tionis that estimated to occur when

100 g of I, is released froma 10-m
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tower in 5 mn, wind speed 2 m/sec.,
stability category D. The second
concentration assumed was 10 ° g nol
jodine/liter of water, chosen arbi-
trarily to denonstrate the change in
washout for the two assunptions.
Overall mass transfer coeffi-
cients to the droplets were cal cu-
lated using the liquid and gas mass
transfer resistances and the

equation:
1 _1 1

4 Hk_

y y X

in which KY is the overall mmss
transfer coefficient (or V), HY is
the partition coefficient, k, is the

gas phase mass transfer coef?icient,
and k, is the liquid phase mass
transfer coefficient.

The fraction removed/second, al-
| owi ng for resistance in both phases,
was determ ned by adjusting the
coefficients calculated by Engel mann,
who assunmed gas phase only resistance
(perfect sink case). Thi s adj ust -
ment was made under the assunption
that the perfect sink washout coeffi-
cient was linear with the gas phase
only mass transfer coefficient and
that the overall washout coefficient
was linear with the overall mass
transfer coefficient. Results are as
shown in Figure 9. This exercise
showed that accounting for resistance
inthe liquid to mass transfer and
the selection of a nore appropriate
partition coefficient can account
for the considerably | ower washout
than that predicted for the gas-
phase resistance linmting case. It
is also apparent that at |ow rainfal
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FIGURE 9. A Based on CSE Mde

rates |iquid-phase resistance has
even greater significance in |owering
t he washout coefficient. The lim-
tations in the available data make
critical evaluation inpossible
Progress was nmade toward applying
t he EPAEC nodel to iodine washout.
A conputer subroutine for incorporat-
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ing the partition coefficient data
was devel oped. Figure 10 shows an
initial application of the EPAEC
nmodel for various iodinerelease
rates. Cases will be calculated to
hel p evaluate the relative inpor-
tance of the several atnospheric
processes for renoving iodine

RAINFALL RATE 0.42x10-% cm/sec
- SAMPLING POINT
E -5 X-POSITION ree
cE» 10-6 -
d‘ Q = 0.04 g moles/sec
S 7L
% Q = 0.004 g moles/sec
; 10-8 [
';‘: 1079 |
3 10-10 |-
.3 10-11 |
2 q002 Q = 0.0004 g moles/sec
19-13 L 1 L L | L . L
6 4 2 0 2 4 &
SAMPLING POINT Y-POSITIONS
Neg 740436-1
FI GURE 10. G ound-Level Concentra-

fion in the Liquid Phase (EPAEC
Model )
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"IDEAL" SAMPLER FOR

BELOW-CLOUD SCAVENGING STUDIES

D. W. Glover and J. M.

Fi ndi ngs during the past year
have indicated rather strongly that
amjority of field measurements of
bel owcl oud washout may have been
contaminated significantly by dry
deposition and, in the case of gases,
by resuspension. Because of these
findings, an attenpt to design and
fabricate an "ideal " rain sanpler
{(i.e., one that allows zero dry
deposition or suspension) is in
progress.

Many different designs have been

—8" DIAMETER x 4" DEEP PYREX DISH INSU-
LATED AND FILLED WITH LIQUID NITROGEN.

INVERTED CONE TOP ALLOWING NO SURFACE
FOR DEPOSITION. LIQUID NITROGEN INSIDE
INSULATED CONTAINER.

Neg 740789-5
FI GURE 11.

Hales

concei ved and prototypes of some of
these built during this investiga-
tion (Figure 11). Several types
woul d be satisfactory theoretically,
and a few have been found to work to
alimted degree in the |aboratory;
however, in actual outdoor field test
condi tions di sadvantages appear in
al most all designs used or tested
thus far. The prinmary disadvantage
to all sanplers in Figure 11 is the
inability to quantitatively recover
the sanpl e.

SAME AS #1 EXCEPT WITH ANTISPLASH
SCREEN MOUNTED ON FLOATS ABOVE
LIQUID NITROGEN.

=

SIMILAR TO 13 EXCEPT WITH FUNNEL AND
COLLECTION CONTAINER IMMERSED IN LIQUID
NITROGEN.

Sanpl er Designs Investigated



One type (Figure 12) shows the
most promise for a clean sanmpling
al lowi ng no deposition. However,
its operation is conplicated enough
to make it inpractical to inplenment
a conplete grid network. At this
point it appears that nuch nore mnust
be done to perfect the sampler and to
sinplify its operation. But a few of
this type sampler will be integrated
into future sanpling grid networks
for conparison sanples to provide
correction factors for discrimnating
bet ween washout and dry deposition in
the primary network sanples.

At present no actual field tests
have been perfornmed with the sanpler.
Future tests of this type will indi-
cate its potential for extensive use
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PRESSURE N2 ESCAPES FROM SMALL
HOLES IN CIRCULAR TUBE AROUND
MOUTH OF FUNNEL. FORMING A
' PROTECTIVE SCREEN “

~—— PRESSURE NZ

SMALL STREAM OF Np
TO KEEP GAS ROWING
OUT OF FUNNEL

Neg 740789-6

FIGURE 12. Two-Gallon Picnic Jug
wth 8 Tnch Poly Funnel Inserted into
1-Liter Poly Bottle. Holes in funne
permt gas to escape but no water to
penetrate. Liquid N in bottom
freezes sanple, and out-?assing forms
a protective barrier in funnel.
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AN EXTENSION OF THE ANALYSIS OF PLUME WASHDOWN

TO INCLUDE DIFFUSION

W. G.

Slinn

An extension i s presented of the author's analysis of plume

washdown caused by reversible washout of gases.

to include diffusion.

The extension i s

The results show that in the mean the

plume falls at the washdown velocity H'J, where J, i s the rain-
fall rate and H' is the dimensionless Henry's law constant for
the gas, and that diffusion is slightly enhanced.

INTRODUCTION

In the 1972 Annual Report the
author presented an analysis of plune
washdown caused by reversible wash-
out. The steady-state convective
di ffusion equation describing the
gas concentration x is

g 39X - 37X 9 X
U ax Dy 7+ D,

+f dr £(r) [B(r) C, - a(r) x] 1)
(0]

where G is the mean wind speed, the
diffusivities, DY and D, are treated
as constants, f£(r)dr is the nunber

of raindrops per unit volume with
radius r to r + dr, and the integrand
reflects the reversible washout pro-
cess. In particular a is essentially
the famliar washout coefficient.

C. is the concentration of the gas

in the drops and 8 C, reflects the
desorption of gas from the drops.

Hal es (1972) (20) has related a and

g to appropriate physical parameters
and, in particular, has shown

a = H'B (2)

where M is the dinensionless Henry's
| aw constant (both |[iquid phase con-
centration, C. and gas phase concen-
tration, x expressed, for exanple,
in noles cnfg).

The conpani on equation to (1)
whi ch describes the concentration of
the gas in drops of radius r is

T Yo T e xR G ()

where, if the entire raindrop size
distribution were characterized by a
single drop size, then vy = Jo> t he
rainfall rate. If we make this
assunption that f(r) is a delta
function, then (1) sinplifies to

2 2
5 X o 37X 37X
a £~ =D + D + B C - ax.
X yay2 2322
(4)
In the previous report (3) and (4)

were solved ignoring diffusion. The
purpose of this report is to denon-
strate the solution when diffusionis
not negligible but can still be



descri bed using constant diffusivi-
ties in (4.

SOLUTION

To solve (3) and (4 we elinminate
the |iqui d-phase concentration and
obtain the single equation

aj. = W a_x + ¢ .azx + D aZX
at 0z 3t 9z y Oyz
2 3 3
#p 2X-sp, XX -5 ZX (5)
3z Y sz oy 3z
_X _ oy .
where t = G W= g =JH s t he

washdown speed (>o0) and 6 = v/B8 is
a characteristic length which for
the exanple illustrated in the |ast
report was about 5.5 m Equation (5)
is to be solved subject to the nor-
nmal i zed boundary and initial condi-
tions: x(t*o,y,z) = 8(y) 8(z-h);
x (t,y+t=,z) = 0; and x(t,y,z+*=) = 0.
These conditions correspond to the
case downwi nd (t = x/u) of a stack
of height h for those situations
when the influence of the ground can
be i gnored.

To solve (5 the nmethod of nulti-
ple transforms will be used (Slinn,
1966).(39) Taking first a Laplace

transformin time (parameter s), then
infinite Fourier transforms iny
(paraneter n) and z (paraneter <),

| eads to the al gebraic equation which
contains the boundary conditions:
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(1 - isz) exp (- izh)

1
' ZWJ[
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Inverting the Laplace transformis
trivial since there is only one

simpl e-pole in the conpl ex s-plane.
Next the sinple n-Fourier transform
is inverted. Finally, the ostensible
i nversion of the 6-transform | eads

to

2
_ 1 -
x(t,y,z) = EZFE—B_;T77 exp (Ifzﬁ;)
Yy

*“dr exp

m

[-t DZ cz - ic (h - 2)

oWt 4 . (7)
S (g + 178)

The integral in(7) is rather
difficult to evaluate. It converges
only in the region |1mc|<|Rec|;
there is an essential singularity at
g = - i/8; in order to find paths of
st eepest descent it is necessary to
find the roots of the obvious cubic
inz. Rather than pursue the inter-
esting mat hematics involved in
evaluating (7), we attenpt to sim
plify the last termin the exponen-
tial for cases of practical interest.

W first consider the case for
56 << 1. Fromthe previous report we
notice that for the washdown of s0,,

§ =55 m On the other hand, the
largest ¢ value that will contribute
significantly to the integral is seen

fromthe first termin the exponen-
tial to be = (¢t pz)"1/2Z_ Thus ¢ is
smal | conpared with s 1 provi ded

(S,T'],C) =

>on

s(1 - id8z) + n2 DY

+C£

D
z

iz (w + 6D n° ©)
- iz (w +
z + y n

Y

sD
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(t DZ)'l/2 «<stort > 62/Dz2.

This condition is satisfied for the
case with D, as small as 1 mé sec™!
and for the S0, plume, provided only
that t >> 1 nin. This is not at al

a serious restriction. Then expand-
ing the last termin the exponentia

according to

-4_(t——f-—mziwt r - wt 62, (8)
performng the sinmple integral, and

returning to unnormalized quantities
we obtain

X (X,Y,2) ~§
} _ 2
exp ( exp {- 4i (D£h+ V‘A;El)l}
(4ﬂtD) 172 [4nt (D +w8)]1/2
(93}
where t = x/u. Thus for large tine

and for the approxi mations stated,
the influence on the plune of revers-
ible rain scavenging is that the
plune diffuses about the effective
plume height (h - w), where w=JH~
is the washdown speed, and the
diffusivity is slightly enhanced by
the factor ws.

For the case zs >> 1 (e.g., small t)
then it is easy to see from(7) that
using only the leading termin the
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expansi on of the same term as approxi-
mat ed above, yields

o

t
X(X,Y,Z) N W eXp - ‘g—>

2 _(Z_h)z
exp I%‘T)y ©XP \Tat D~

172 (4n tD)l/Z

(4rt D) (10)

whi ch describes only the diffusion
and renoval of the part of plume
whose centerline is at h.

In the interim until a conplete
inversion of (7) is obtained, it is
suggestive that we take as an approx-
imation for all x (and we expect that
this approximation will yield results
as realistic as those derived from
the many ot her approxi mations made
in this analysis) the sumof the
result (10) and E - exp (' Y%)]
times the result (9. Thi s proposed
expression woul d describe both the
removal and diffusion of the plume
whose centerline is at h and the
"washdown" and diffusion of the
remai nder of the plune. This pro-
posed expression neglects the de-
crease of the air concentration
caused by previous washout, but this
is a customary practice in washout
theory since it leads to conserva-
tive estimates in dose cal cul ations.
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PRECI PI TATI ON SCAVENG NG OF | NORGANI C POLLUTANTS FROM
METROPOLI TAN SOURCES: ST. LOUI'S, JULY, 1973

M. Terry Dana, Jereny M Hales, C. E Hane and John M. Thorp

An additional series of rain scavenging experiments in
St. Louis was conducted, this time using a large array of
collectors. Some nine convective storms were sampled, and over
400 individual rain san&ﬂes have been analyzed for 50,, 304--,

NO o=, NOg7, NH4+, and HT.

In last year's report (40) o
summarized initial results of the
first series of convective storm
scavengi ng experinments in the St
Louis area. The final results of
that study are available in an
Environnental Protection Agency re-
port.(4l) The second series, in
July, 1973, consisted sinmlarly of
precipitation and aircraft air sam
pling and neteorol ogi cal observa-
tions, but on a much larger scale
In the new array, shown in Figure
13, the two downstorm |ines of 1972
were replaced with a grid of col-
| ectors which extended from 2 to 52
km downstorm or east of the St
Louis Arch. This extension allowed
for closer-in sanpling of the city's
pollution plume, as well as the
capability for capturing a |larger
portion of the plume during spa-
tially extensive rainfall.

The greater effort was made pos-
si bl e through cooperation with two
current AEC-sponsored efforts, Atno-
spheric Aerosols and Trace Gases,
and Tracer Studies in METROMEX;

sufficient personnel were available
so that all 120 sanpling |ocations--
pl us one roving sequential sampling
facility--could be outfitted with
precipitation collectors on al
storm days. The increase in man-
power allowed essentially continuous
depl oyment of collectors and thus
led to some overnight rainfall being
effectively sanpled

During the about three week field
period sone nine storms were sanpl ed
Table 4 is a list of general inforna-
tion on precipitation sanpling and
times of release of radiosondes from
Lambert - St. Louis Airport.

Chemi cal anal yses of the precipi-
tation sanpl es have been conpl eted

for the species s0,, S0, , NO, ,

NOL 7, NH4+, and H*. Currently, the
concentration data exist in raw
form further analysis of quality of
sanples in terms of potential con-
tam nation, post-collection chenmica
reactions, effects of anbient tem
perature on some overni ght sanpl es,
etc., is under way.

The data from these storns, plus

that collected fromfour storns in
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FIGURE 13. July, 1973, Precipitation Collection
Array
TABLE 4. General Data: Inorganic Pollution Scavenging
Operations _
Appr ox. Radi sonde
Tot al Time of Rel ease
Run  Sampli.ng No. of  Rainfall Ti me
Dat e No. Coverage'® Sanples (CST) (CST) Renmar ks
7-14-73 6 0,4-7 24 1600-1800 Mbst sanples frozen
i medi ate recovery.
7-18/19-73 7 o0-7, s301(P) g0 0800-1000 1329 Overnight coll ection -
(7-19) most unfrozen.
7-20/21-73 8 0 10 Early AM 1241 No useable sanples
7/ 21 7 -20) saved.
928
(7-21)
7-23-73 9 0-7 89 Early AM Overnight - all un-
frozen, imediate
col l ection.
7-23-73 10 0-7, s301(®) 79 1500-1900 1323 Same day collection -
most frozen
7-24-73 11 0-7 4 1300 I sol ated shower
all frozen.
7-25-73 12 3-6 14 Early PM 1308 Sane day col |l ection - -
most frozen.
7-25-73 13 5200 8 2100-2200 Sequential - all
frozen.
7-25/26-73 14 0-3, 6-7 59 Late PM Overni ght - nost .
7125 unfrozen.
a. Sanpler groups are identified by the first digit of the sanple position
nunper. See Figure 13. o o
b. Sequential sanples taken at position indicated.




1972, will forman inportant data
base for devel opnent and testing of
convective stormnodels. The nodel -
ing effort has just begun; the even-
tual aimis a precipitation scav-
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enging input to an overall model of
urban pollution effects being devel-
oped within the Regional Air Pollu-
tion Study (RAPS) sponsored by the
Environmental Protection Agency.

CONVECTI VE STORM MODELI NG AND I TS POSSIBLE

APPLI CATION TO PRECIPI TATI ON SCAVENGI NG PROBLEMS

Carl

Hane

The use of numerical convective cloud modeling in precipi-

tation scavenging research i s discussed.
dimensional time-dependent squall

A particular two-

line model i s described which

includes a parameterization scheme for the microphysics of cloud

and rain.

There is an increasing awareness
of the consequences of the production
of particul ates and gases which re-
main for varying lengths of time in
the atmosphere. One noteworthy con-
sequence of concern is the high con-
centration of such materials in water
clouds and rain. Convective clouds,
in particular, are capable of pro-
ducing large anpbunts of rain in
short time intervals over limted
areas and can both (1) deposit unusu-

ally high concentrations of these man-

produced materials on the ground and
(2) redistribute these nmaterials in
the atnosphere or else at other |oca-
tions rid the atnosphere of their

ef fects.

Research in this area of scaven
ging by convective clouds shoul d
therefore be concerned with the
interactions occurring anong these

Possible initial steps for the use of this model in
scavenging research are discussed.

materials, cloud droplets, and rain-
wat er both within and beneath the
cloud. Anpng other things, these

i nteractions depend heavily upon
both the air notions within the cloud
and in the near environnent of the
cloud since the two together deter-
mne the amounts of air incorporated
into the cloud at various levels

The processes are thus conplicated
by the nature of the convective
cloud, which may grow to great

hei ghts and exist in an environnment
possessing strong vertical wind
shear.

A research tool devel oped over
the last 10 to 15 years is the numer-
i cal nodeling of convective clouds.
These nodel s are designed to cal cu-
late (1) air notion, (2) tenperature
and (3) various types of water dis-
tributions in and around convective



clouds in one, two or three space
di mensi ons. Though the three-di men-
sional models should of course be
the nost realistic, they have not
been exploited fully because of Iim -
tations in conputer size and tine.
One and two-di nensi onal nodeling
efforts have becone increasingly
realistic as nore refinenent is in-
troduced in the dynam cs and the
m crophysi cal processes. A corre-
spondi ng need for greater conputer
size and speed has devel oped, how
ever, in conjunction with this re-
finement. The nodeling efforts
therefore must involve a conprom se
between (1) available conputer size
and speed and (2) the degree of
realism gained by taking into account
nore space dinensions and nore
detail ed dynam cs and precipitation
m crophysi cs.

Use of such a tool in study of
scavengi ng processes now appears pos-
sible and may contribute to signifi-

cant progress in the solution of prac

tical problens. Since scavenging is
inseparably related to mcrophysica
processes, a conplete attack on the
probl em by numerical means should in-
clude a detailed accounting for cloud
m crophysics. This nmay be inpossible
at this time in the multi-di mensiona
nmodel s, but the possibility presently
exists for paraneterization of scav-
engi ng processes by neans anal ogous
to the paraneterization of cloud

m crophysi cs now wi dely enpl oyed

A description will now be given

of one particular nunerical nodel

whi ch is two-di mensional in space and
perhaps nost applicable to the type
of thunderstorm prevalent in the
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Geat Plains squall line. The nodel
calculates as a function of tine and
space (1) air motion, (2) tenpera-
ture, and (3) mixing ratios of water
vapor, cloudwater, and rainwater.
Condensation and evaporation plus
associ ated heating and cooling are
taken into account along with the
sub-grid scale turbul ent mxing
between cloud and environment.

The Marshal | -Pal mer (42) distribu-
tion of drop sizes is assumed so that
the fall speed of rainwater is a
wei ghted nmean for that distribution
and depends upon rai nwater m Xing
ratio only. Cloudwater is differen-
tiated fromrainwater in that cloud-
wat er nmoves with the air and evapo-
rates instantaneously when subsatu-
ration occurs, whereas rainwater has
an additional conmponent of notion
due to its termnal fall speed and
evaporates only partially (at a rate
dependi ng upon the ampunt of rain
present and the degree of subsatu-
ration of the air at that point).

Cl oudwater is converted to rainwater
by auto-conversion (coal escence of
cloud droplets only) and by accretion
(coal escence of raindrops with cloud
dropl ets and other raindrops).

The above processes are param
eterized assuming the Marshall-Pal mer
distribution of drop sizes rather
than taking into account discrete
drop sizes and calculating distri-
butions in the nmodel. This kind of
paraneterization was referred to
above regarding incorporation of
scavengi ng processes in nunerica
cl oud nodel s.

A conpl ete description of the
model may be found glsewhere, (43,44)



but Figure 14 is included as an
exanpl e of the nodel output.
i cant features include
(1) updraft containing intense con-
densational warming and tilting
fromthe vertical
direction
rain produced in updraft falling
fromupdraft into dryer air
dry adiabatic warm ng in sinking
air occurring outside the cloud
and evaporative cooling occur-
ring to the left of and bel ow
cl oud,
col d dome of air produced near
the ground, and
strong horizontal w nd speeds
near ground in outflow from
updraft.
As a starting point in introducing
scavenging into such a model, the
following steps mght be taken
1. Introduce a plune at various
[ocations within the two-di men-
sional domain and allow it to
travel with the air notions and
di ffuse, allowi ng no interaction
with cloud or raindrops.
2. Same as 1, except allow rain-
wat er distribution to incorpo-
rate particles in the plume in a
paraneteri zed fashion (below-
¢l oud scavengi ng).
3. Same as 1 and 2, except allow
i ncorporation of particles
within cloud droplets in a
paramet eri zed fashion (in-cl oud
scavenging or particles used as
nucl ei for condensation).
The type or types of particles in the
plume woul d strongly influence the
scavengi ng processes, and this infiu-
ence woul d have to be accounted for

Signif-

in an upshear

(3

(4)

(5

145

BNWL-1850 PT3
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FI GURE 14.

Exanpl e of Model CQutput

through constants involved in the
paraneteri zation. Evaluation of
these constants coul d perhaps best
be done in sinpler controlled |abora-
tory or field experiments rather
than by nodeling a real storm situ-
ation in the atnosphere and then com
paring results of nodel and observed
scavenged materials in order to de-
fine constants.

One-di mensi onal nodeling m ght
be enpl oyed to allow for inclusion
of discrete drop sizes and particle
sizes and to better study processes
of interaction. Results of one-di-
mensi onal modeling mght be used to
define better parametric techniques
to be used in multi-di nensional
nmodel s until the time that conputer
size and speed allows for the incor-
poration of discrete processes into
these nore general nodels.



Modeling efforts are worth little
unl ess coupled with observationa
prograns used for initiating cal cu-
lations and verifying results. On
the other hand, observational pro-
grams are often worth little without
sone conceptual nodel (qualitative,
anal ytic, nunerical, etc.) to pro-
vide ideas on needed accuracy and
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scal e of observations, |ocation of
observational sites inrelationto
physi cal phenomena, and overal
goal s of observation. This sort of
cooperative interdependence shoul d
be firmy established in any effort
to incorporate convective cloud
nodel ing into scavenging research

THE ENTRAINMENT OF TRACERS NEAR THE SIDES OF CONVECTIVE CLOUDS

J. A. Young, T. M. Tanner,

C. W. Thomas and N. A. Wogman

Tracers released sequentially at 10 to 13.5 thousand ft near
the upwind sides of two convective towers near St. Louis spread
between the towers and were almost completely scavenged by the

precipitation.

The METROMEX experinent is a study
of convective storms being conducted
for five summers by several organi-
zations beginning in 1971 in a 2000
m'Ie2 area centered around St. Louis,
M ssouri. Special attention is given
to determning the effects of heat
and contami nating nmaterial added to
the atnosphere on precipitation pro-
cesses and on aerosol scavenging in
convective storns.

Lack of know edge concerning the
amount of air entrained into convec-
tive towers at altitudes above cloud
base has severely hanpered the under-
standi ng and nodel i ng of convective
stormdynami cs. The air at higher
altitudes is colder and drier than
air entering the cloud through the
updraft, so entrainment tends to

decrease the vigor of the convective
cloud. To neasure the anmount of air
entrained into convective towers
which later reaches regions of pre-
cipitation scavenging, tracers were
rel eased sequentially at 10 to 13.5
thousand ft near the edges of convec-
tive towers in the St. Louis area
The concentrations of the tracers
were measured later in precipitation
sanpl es.

On August 3, 1972 europi um
rut henium and tantal um were rel eased
near the upwi nd (western) edge of
one eastward noving convective cel
| ocated near the center of the
Battelle precipitation collection
network. Iridium rhenium and gold
were rel eased near the western side
of a second cell |ocated near the



sout hwest corner of the network. The
tracers were rel eased by burning
acetone solutions of the tracers in
si x aerosol generators nounted be-
neath the wings of the Battelle
Cessna 411. The particles produced
by the generators are less than 0.1
um diam Each tracer was rel eased

in 2 mnmn, but with a short tine

al | owed between rel eases of the indi-
vidual tracers the rel ease of the

six tracers took 65 nin. The tracers
indiumand lithiumwere al so rel eased
into the updraft of the second cel

at cloud base by the Illinois State
Vter Survey.

Fol 1 owi ng the tracer rel ease
sanpl es of precipitationwere col-
lected on a 25 x 36-nmile network of
122 rain collectors. The main sam
pl es were quickly frozen and returned
to the | aboratory for neutron acti-
vation analysis. Mst of these sam
pl es have been anal yzed, and the
remai nder are now bei ng anal yzed.

Signi ficant quantities of tanta-
[um iridium rhenium gold and
i ndiumwere neasured in precipitation
sanpl es col | ected downwi nd of the
tracer rel eases. Rutheniumwas not
det ect ed because of analysis diffi-
culties. The europiumconcentrations
in the precipitation were not sig-
ni ficantly above background | evels
because of the relatively high back-
ground concentrations of europium
and because only 6 g of europium
were rel eased due to difficulties in
di ssol ving europiumin acetone.

Eur opi um and several of the other
tracers have since been obtained as
acetonyl acetonate conpounds, which
are much nore soluble in acetone

147

BNWL-1850 PT3

thus they now can be rel eased in
quantities of a few hundred grans.

H gh concentrations of each tracer
were measured not only in the precip-
itation fromthe cell into which it
was rel eased, but also in the precip-
itation of the neighboring cell
Measur abl e concentrations of the
tracers were present in the precip-
itation sanples collected at the
eastern and sout hern edges of the
precipitation network, indicating
that the tracers were probably pres-
ent in precipitation falling out-
side the precipitation network. The
cal cul ated precipitation scavengi ng
efficiencies for tantalum iridium
rhenium and gold were greater than
100%, indicating that the tracers
rel eased near the upwi nd edges of
the convective towers were entrained
and reached regions of nearly com
pl ete precipitation scavenging. The
cal cul ated scavengi ng efficiency for
i ndiumrel eased at cl oud base was
only about 30%, however. Possibly
some of the indiumrel eased was not
carried up into the cloud by the up-
draft or else it was carried up
through the cloud and out the top
bef ore being conpl etely scavenged.

The results from 1972 i ndi cated
that the precipitation network used
was not |arge enough to determne
the di stance the tracers woul d
spread in a stormsystem Therefore,
in the summer of 1973 a nuch |arger
network was set up. However, as no
sui tabl e convective storns appeared
over the network while the Battelle
aircraft was avail able, no tracers
were rel eased
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THE EFFECTS OF RADI QACTIVITY ON | CE NUCLEATI ON

J. Rosinski,* G Langer,* C. T. Nagamoto,*, C. W Thonmas,
N. A Wgrnan and J. A. Young

Supercool ed drops containing dissolved radionuclides froze
at warmer tenperatures than drops containing no radionuclides.

In natural clouds aerosol and hy-
drosol particles act as ice-formng
nucl ei, causing supercool ed water
droplets to freeze. However, con-
centrations of ice crystals in clouds
have been reported as nuch as several
orders of magnitude greater than the
concentrations of ice-formng nuclei
One possible explanation for at |east
part of this discrepancy could be
that the ionization produced by the
decay of radionuclides present in the
supercool ed droplets mght cause the
drops to freeze

To determ ne whet her radionuclides
could in fact cause supercool ed drops
to freeze, experinents were performed
in which the freezing tenperature of
2 M diam (4.2 x 1073 g) supercool ed

drops contai ni ng 24Na, 3ZP,

90, 137c$, 147Pm, 241, or 253ps

+ 247K were conpared with those

of drops containing identical con-
centrations of dissolved salts, but
not radioactivity. The drops were
frozen on vaseline as the substrate
in a closed chanber cooled at a rate
of 0.6°C/min. Radionuclide activi-
ties used in the tests were between
40 and 108 dpm per m .

* From the National Center for
At nospheric Research, Boul der
Col or ado.

It was found that drops made of
pure water and those of dilute salt
solutions froze over a very narrow
range of tenperature, but drops con-
taining radionuclides froze over a
wi de range of tenperatures and al ways
started freezing at a warner tenpera-
ture. There appeared to be little
correlation between the activity and
the type and energy of the radiation
and the increase in the freezing
tenperature. The freezing tenpera-
tures of droplets made from saturated
sol utions of NaNO, (NH4)2HP04 or
NH,C1 were not affected by radio-
nuclide activities of 103 to 10%
dpm/ml.

It should be pointed out that the
radi onucl i de concentrations used in
these experinments were generally
hi gher than those found in cloud
droplets. Total radionuclide activi-
ties in cloud droplets should be
about 40 dpm/ml, with cosnpgenic
radi onucl i des contributing about
10 dpm/ml, radon daughters contrib-
uting about 30 dpm/ml and nucl ear
weapons-produced radionuclides con-
tributing 1 dpm/ml. |If gaseous
cosnogeni ¢ radi onuclides such as
41Ar, 14o, 150, and 13N become
attached to cloud droplets, however
the total activity could be as great

as 103 dpm/ml.
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These results indicate that radio-
active silver iodide should be a nore
active ice-form ng nucl eus than nor-
mal silver iodide. Morachevsky, (45)
however, has cl ai med on the basis of
| aborat ory experinents that radioac-
tive silver iodide has no ice-nucle-
ating ability even at -19°C. In view
of the above discrepancy., the ice-
nucl eating abilities of normal silver
i odide, gamma irradiated silver io-
di de, and radi oactive silver iodide
were conpared in experinents in
whi ch ice nucleation by contact and
by condensation foll owed by freezing
were studied concurrently in a cloud
chanber, and ice nucleation by freez-
ing drop technique. The results
showed clearly that radioactive sil-
ver iodide did not lose its ice-
nucleating ability. On the contrary,
Ag131I seened to nucleate ice nore
ef fectively.

Bryant and Nhson,(46) and Rowland
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et al. 7) have found that the den-
sity of oriented ice crystals in-
creased on freshly formed surfaces of
silver iodide when exposed to W ra-
diation for a short period of tine.
Fukuta and Pai k (*®) said the increase
results when the W radiation |iber-
ates iodine atoms fromthe surface of
the silver iodide, leaving silver
atons behind. \Water nol ecul es ab-
sorbed on the exposed Ag® enjoy a
greater freedomof rotation which
appears to be responsible for the
initiation of the ice enmbryo. This
process coul d be responsible for the
i ncreased ice-nucleation ability of
Aglsll. For an extrenely radi o-
active Ag1311 the Ag® concentration
shoul d increase with tinme as the

i odi ne decays until the surface
eventual Iy becomes nearly conpletely
covered with silver atons. At this
tinme it should lose its ice-nuclea-
tion ability.

RADIONUCLIDE CONCENTRATION MINIMUMS FROM 6 TO 9 km

J. A Young, W. E. Davis and N. A. Wogman

Radionuclide concentrations measured 1.5 km above a cirrus
deck were an order of magnitude lower, and concentrations within
the cirrus were an order of magnitude higher than would be ex-
pected on the basis of the measured concentrations in the rest
of the vertical profile, indicating that cirrus scavenging could
be responsible for the downward transport of radioactivity.

Vertical profiles of radionuclide
concentrations have been neasured
from1.5 to 3 kmto over 18 kmin air
filter sanples collected by RB-57

aircraft since 1967 as part of a pro-
gramto deternmine the rates of atmo-
spheric mxing and deposition on the



earth's surface. Most of these pro-
files were measured either near

Al buquerque, NM at 35°N, 107°W;

south of Spokane, WA at 46°N, 117°W;
or near Barbados, British West Indies
from12 to 18°N and 54 to 59°w. The
profiles collected near Barbados were
taken during the summer of 1969 for
the BOVEX project. The nost surpris-
ing feature of these profiles has
been the regul ar occurrence of con-
centration mnimuns between 6 and 9
km These mninums occurred in about
40%of the sanples collected near

Al buquer que and Spokane and 50% of
those col |l ected near Barbados. The
radi onucl i de concentrations in sone
of these 3- or 6-km sanples were only
a few percent of the concentrations
at lower or higher altitudes.

Some of the less striking mni-
muns coul d have been due to the pre-
domi nantly horizontal advection of
air fromlocations of |ower radio-
nucl i de concentrations. However, it
is unlikely that the horizonta
advection of unscavenged air could
have caused the concentrations which
were nore than an order of magnitude
[ ower than the concentrations at
hi gher or lower altitudes, since the
hori zontal concentration gradients
are generally not great enough. It
is also unlikely that the transport
of high concentration stratospheric
air to altitudes below 6 km coul d
have caused apparent mninmns at 6
and 9 km since the concentrations
bel ow 6 km were generally normal, and
the concentrations at 6 or 9 kmwere
bel ow normal on days that m ninuns
occurred. The back trajectories
whi ch have been calculated by W E
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Davis have failed to identify a cause
for the m nimuns.

It appears that precipitation scav-
enging is the only mechani smt hat
coul d have caused the very | ow con-
centrations measured at 6 and 9 km
The objection to this mechanism of
course, is that the mnimuns occur at
altitudes above nornal for non-con-
vective precipitation formation. The
northward transport of scavenged air
fromthe towering cunuli of the in-
tertropi cal convergence zone coul d
possi bly have caused the m ni nuns
near Barbados, but no such nmechani sm
is available at 35° or 46°N. Deep
convective activity is very rare near
or west of Spokane.

At present it appears that the
most pl ausi bl e mechani sm for the pro-
duction of the large mininmuns is the
scavengi ng of the radionuclide-bear-
ing aerosol by cirrus followed by
the settling of the ice particles.
Cirrus layers are rather extensive
and format altitudes where m ni muns
occur. The ice particles in cirrus
clouds are |arge enough to have
appreciable settling velocities. Be-
cause IPC filters used for sanple
col lection disintegrate when exposed
to liquid water, RB-57 pilots are
instructed to fly just above any
cl ouds encountered at planned sanple
collection altitudes. These flight
paranmeters place the aircraft in the
regi ons scavenged by cirrus.

If cirrus is responsible for the
m ni muns, then cirrus scavengi ng
coul d be responsible for consider-
abl e downward transport of radio-
activity. However, it is difficult
to estimte the volume of air which



m ght be scavenged. by cirrus, or the
di stance radioactivity mght be
transported downward by the ice
particles. Sanples collected near
Barbados at altitudes differing by
600 mat around 9 km often showed
the sane very | ow concentrations,
whil e samples collected 3 km above
or bel ow sonetinmes showed sone evi -
dence of depressed concentrations
Thus the scavenged |ayer could be
reasonably thick. Sanples collected
at each of the corners of a 5° lati-
tude and | ongitude square east of
Bar bados often showed the sane very
| ow concentrations at 9 km suggest-
ing that scavenged |ayers could have
a very large horizontal extent.

To test the hypothesis that cir-
rus scavenging is responsible for
the mininums and to determne the
t hi ckness of the scavenged | ayer,
an RB-57 aircraft was used to col -
lect air sanples 3 km 1.5 km and
150 m above and bel ow and then at
the center of a cirrus deck |ocated
at 10 km near Al buquerque, NM on
Novenber 30, 1973. The concentra-
tions of the nuclear weapons-pro-
duced radi onucli des 952r-95Nb,
103p,, 1065, 137, 1405, 4nq
144ce 1.5 km above the cirrus were an
order of magnitude | ower than would
be expected on the basis of the
concentrations measured in the other
sanpl es, and the concentrations at
the center of the cirrus were an
order of magnitude higher than would
be expected. The concentrations
150 m above the center of the cirrus
were near normal, probably because
the sanple was collected partly in
and partly out of the cirrus. The
radi onucl i de concentrations in the
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sanpl e collected 3 km above the cir-
rus appeared to be about nornal
These results strongly indicate that
the cirrus was responsible for the
scavengi ng of around 90%of the ra-
di onuclides froma layer of air at
least 1.2 kmthick and possibly |ess
than 2.8 kmthick. It is possible
that a thicker layer was scavenged
but that wind shear resulted in the
transport of the scavenged air in
this thicker layer to another
locati on.

The concentration of the 15-hr
hal f-1ife cosm ¢ ray-produced radio-
nuclide %*Na neasured 1.5 km above
the cirrus was about one-half of the
average neasured value at that alti-
tude on previous flights. Because
of its short half-life, the atno-
spheric concentrations of 24Na shoul d
remain relatively constant in the
absence of precipitation scavenging.
Therefore, the concentration nea-
sured 1.5 km above the cirrus indi-
cates that the air at that altitude
had been scavenged around 15 hr
earlier, and that the 24Na t herefore
had had tinme to reach about 50% of
equilibrium Since the measured con-
centrations have varied fromflight
to flight, this calculated time
shoul d not be taken as absolute. The
24Na concentration nmeasured at the
center of the cirrus was also bel ow
normal .  This may suggest that the
collection efficiency for the aerosol
and ice particles was significantly
[ ess than 100%wi thin the cirrus. The
1pc filters are normally not used on
flights within clouds because the fil-
ters tend to disintegrate. However,
on this flight the filters did not ap-
pear to have disintegrated appreciably.
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FEASIBI LI TY STUDY OF THE USE OF I NERT TRACERS

N THE NATI ONAL HAIL RESEARCH EXPERI MENT

J. A Young, N. A Wogman, C. W Thomas and T. M Tanner

Six tracers released sequentially into the updrafts of con-
vective storms in northeast Colorado spread extensively through
the storm system and were nearly completely scavenged.

Six inert tracers were rel eased
sequentially into the updrafts of two
convective storns in Northeast Col o-
rado to obtain basic information on
processes occurring in the convective
storns. The tracers were rel eased
into storms being seeded with silver
i odi de. The concentrations of silver
and of the tracers gold, rhenium and
i ndi um have been neasured in rain and
hai| sanples collected fromthese
st or ns.

These measurenents indicate that
silver and the tracers were al nost
compl etely scavenged by the precipi-
tation. These and sim|ar measure-
ments carried out in a separate pro-
gramin St. Louis also indicate that
a tracer added to one location in a
squall line will spread throughout
the squall line and will spread from

cell to cell. The conparison of the
concentrations of the tracers wth
those of silver in the hail indicates
that the silver was not scavenged
preferentially by the hail, suggest-
ing that the scavenging was primarily
by contact or by droplet nucleation.
The measurenments of the short-lived
cosnmogeni ¢ radi onucl i des 38¢1 and
39¢1 in rain sampl es indicate that
the el apsed tine between the begin-
ning of droplet or ice crystal nucle-
ation and the arrival of the precipi-
tation at ground |evel generally
averaged 70 min but that there were
short periods when el apsed tine was
much shorter, varying between 6 and
29 mn.

This work was previously supported
by the National Science Foundation
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REMOVAL AND RESUSPENSION PROCESSES

DRY DEPOSITION OF PARTICLES

An important mechanism by which an atmosphere is depleted of particulate material
is by gravity settling and by turbulent eddy diffusion processes. Historically research at
Battelle-Northwest has been directed to deposition studies with monodisperse particles,
first in tubes transporting particles, then in wind tunnel studies. Some field studies were
undertaken much earlier to determine by mass balance the depletion of particlesfrom aplume.

Our recent work in the wind tunnel has shown the relationship of deposition velocity
to particle size, average velocity, friction velocity, and the unique characteristics of surfaces.
Models have been developed which take into account these variables, and a large body of
data has been made available. Wind tunnel studies are to be implemented with field studies
using well characterized aerosols. The studies in 1973 were concerned with deposition to
crushed rock surfaces, shallow water, and vegetation canopies. Ongoing field studies have
utilized comparisons of depositing with nondepositing tracers for evaluating deposition.
This technique, & well & direct turbulent flux measurements of pollutants, should provide
expanded capability for future investigation of deposition over larger regions and onto varied
surfaces of wider range of interest.

e RADIOISOTOPES AS PARTICLES AND VOLATILES

e RADIOACTIVE FALLOUT RATES AND MECHANISMS

e ATMOSPHERIC DIFFUSION, DEPOSITION AND TRANSPORT PHENOMENA
e COOLING TOWER ANDCOOLINGPOND ATMOSPHERIC IMPACT

e AEC DIVISION OF LICENSING

e BATTELLEMEMORIAL INSTITUTE PHYSICAL SCIENCES PROGRAM
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DRY DEPOSITION OF PARTICLES

G. A. Sehmel, W. H.

Hodgson and S. L.

Sutter

Deposition velocities for monodispersed particles were mea-
sured for deposition onto surfaces of both -1.6 and -3.8 em diam

crushed gravel.
larger gravel.

Deposition velocities are greater for the
For the larger gravel about 20% of the deposited

particles were found below the top layer of gravel, suggesting
that particle deposition may be enhanced in thick, coarse beds.

INTRODUCTION

Dry deposition of airborne pollu-
tant particles i s one means by which
pollutants are removed from the at-
mosphere. Removal fluxes are depen-
dent upon airborne concentration,
particle diameter, deposition surface,

and meteorological conditions. Air-

n
x|z
]

The units of vy are length/time, uSuU-
ally reported as cm/sec. In environ-
mental field experiments, the concen-
tration, x, has been measured at
various heights above the deposition
surface. Usually heights are on the
order of 1 m.
overall mass transfer coefficient
which includes effects of both sur-

The term, ZE is an

borne concentrations and surface re-
moval rates must be known to deter-
mine if airborne pollutants will
exceed ecologically acceptable limits

Dry deposition rates in the en-
vironment were characterized ini-
tially by Chamberlain(l’z) in terms
of a deposition velocity, Vys equal
to

- amount, depesited/em? of surface sec .M
concentration J surrace/cm

face resistance in the lower 1 an
adjacent to the deposition surface

as well as transport resistance from
the concentration measurement height
to 2 ecm. In these field experiments,
deposition velocities, vy, were evalu-
ated using particles with wide size
distributions. Since deposition
velocities are known to depend upon
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particle diameter, quantities v, de-
scribe deposition rates only for par-
ticle size distributions used in the
determ nati on of vy

Deposition velocities, K, evalu-

b

K= = = anmpunt

depnosited/cmZ of

BNWL-1850 PT3

ated by Sehnel,(B'ﬁ) describe trans-
fer rates of single size particles
and include only surface resistance
to mass transfer. The deposition

velocity, K, is defined as

surface/sec

(2)

T

C ~ airborne particle

In this case, the concentration, C,
for the nonodi spersed particles is
measured 1 cm above the deposition
surface

THEORY

Deposition velocities, K, for any
desired reference height, z, can be
calculated from K for establishnment
of the airborne concentration to use
in conjunction with standard mneteor o-
| ogi cal diffusion equations. The
calculation will be specifically il-
lustrated by using the three-box con-
cept ual mode1 (6) describing the over-
al | deposition process. In each box
particle transport is described by:
Box 1--The atnospheric turbul ent

layer in which the transfer

processes are best described
by m crometeorol ogi cal eddy

diffusivity.

Box 2--A layer just above and just
wi thin the vegetative canopy
or surface elements in which
the transfer processes are
nodi fied by the presence or
structure of the canopy or
surface.

concentrati on above the surface/cms.

Box 3--A |ayer (occupied by the
canopy or surface elenments) in
whi ch the final transfer pro-
cess is best expressed by sur-
face nmass transfer coeffi-
cients, where the interaction
between the surface materia
and the pollutant is inportant

Qur research has been nainly directed

toward determ ning the mass transfer

resistance at the deposition surface
in Box 3. Indeed, we have reported
our measured deposition velocities

as X, in which the subscript one re-

fers to the particle concentration at

1 cmfromthe deposition surface.

The general equations will be set
up for calculating the relative mass
transfer resistance in each box and
for calculating X, fromK,. Particle
deposition will be described by a
one-di nensi onal, steady-state con-
tinuity equation for the deposition
flux. Basic assunptions in this
nodel are that particles are diffus
ing at a constant flux froma uniform
concentration of particles, that a
relationship for eddy diffusivity
can be determ ned, that the effect
of gravity can be described by the
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terminal settling velocity, that par-
ticle aggl oneration does not occur,
and that particles are conpletely re-
tained by the surface. Based upon
these assunptions, the deposition

flux to a surface can be descri bed
by(S)

N=—(a+D)%£z—vtC, (3)

in which v¢ is the absol ute val ue of
the termnal settling velocity.

The deposition velocity is pre-
dicted froma dinmensionless integra
formof Equation (3),

° u T +

CZ z at CZ
inwhich ¢ is the particle diffu-
sivity, Dis the Brownian diffusivity,
v is the kinematic viscosity of air
u is the friction velocity, z* =
zu,/v is the dimensionless distance
above the surface, and v¢ is the ter-
mnal settling velocity. |Integration
limts are that particle concentra-
tion is a constant c, at a reference
hei ght of z cmand above and that
particle concentration is zero at a
di nensionl ess particle radius, r*,
fromthe deposition surface. The
right-hand side of this equation con-
tains the dimensionl ess eddy diffu-
sivity, /v, and hence quantifies
mass transfer resistance as a func-
tion of elevation. This resistance
integral will be abbreviated by Int.
After integration, Equation(4) re-
duces to the flux

N = _t 1" (5)
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o = exp(- ve Int/u,). (6)

Now t he deposition velocity is de-
fined in terns of the reference con-
centration, c,, at z cm hei ght,

k, = O N (7)

z Cz

Thus, the deposition velocity at
height z is

Ve

QT Ty ®)

As shown by this equation, the
lower limt of predicted deposition
velocities is vy. The reason for
this limt is that if the diffu-
sional resistance were large (Int is
a negative nunber), a would approach
infinity and I/a woul d approach zero.
However, as diffusional resistance
became rel atively | ess, the deposi -
tion velocity would becone increas-
ingly greater than the gravitationa
settling velocity.

The deposition velocity, K, is de-
fined in Equation(2) as the deposi-
tion flux, N, divided by the particle
concentration, C, at a reference
hei ght. Thus, K at any hei ght can
be calculated(7)zfrom Ky by the
rel ationship

K N/CZ C

1
T - T o (9)
Kl N7Cl CZ

where N is constant. Substituting
Equation (8 in Equation(9 and
rearranging yiel ds

C o 1 -«
1 Z 1

o (10)
z (a1> (1 i a2>

1 refers to a 1-cm

Val ues of the

wher e subscript o
reference hei ght.



turbulent diffusivity to be used in
calculating(s) a's from Equati on (6)
can be obtained(assunming equality of
particle and nmomentumturbul ent dif-
fusivity) froma generalized correl a-
tion(*) for momentumtransport as a
function of thermal stability.

MASS TRANSFER RESISTANCE

The relative resistance to par-
ticle nmass transfer in each box of
the three-box nodel can be cal cul ated
if Ky is known and the flux Nis con-

stant. The surface resistance, Int,,
in box three is from Equation (6),
ug, 1n oq
Il’ltS = - — v (11)
t
where from Equati on (8)
K
1
U, = (12)
1 K1 -V,
Integral resistances Int, in Box 2
and Int, in Box 1 are calculated di-
rectly from Equation (4. Thus,
z at 1 cm dz+
Intz =/+ m (13)
Z
2-3
where the distance z} . is the height

2-3
selected for interfacing between Box

2 and Box 3. Similarly,
ZE—S dz+
Int1 =/[ /v + DIy (14)
zt at z

where z is the height at which con-
centration boundary conditions are to
be matched with airborne concentra-
tions predicted from nmeteorol ogi ca

di ffusion and transport equations.
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This three-box nodel can be used
to predict particle renoval rates by
conbining the three integral resis-
tances Int from Equation (11), (13),
and (14). Arelatively large data
base exists in the neteorol ogi ca
literature for calculating the dif-
fusional resistances in Box 1 and
Box 2. The real unknown is the sur-
face resistance in Box 3. Surface
resistance is being experinmentally
evaluated in a wind tunnel in terns
of the deposition velocity, K, -
EXPERIMENT

Experimental techniques used for
neasuring particle depositionin a
wi nd tunnel, shown schematically in
Figure 1, consist essentially of nmea-
suring both the particle deposition
flux and the airborne particle con-
centration at the test section. The
particles are introduced into the
wind tunnel in a manner to have a
nearly constant airborne particle
concentration fromabout 1 to severa
cm adj acent to the deposition test
surface. In this manner, the node
assunption was satisfied that diffu-
sion occurred froma uniform source
of particles.

The wind tunnel is a single-pass
systemcontained in a large air-
conditioned room Air enters the
wi nd tunnel through a 1.8 x 1.8-m
bank of high-efficiency filters.
Downstreamof these filters is a
1.8-mlong chanber within which the
particles are introduced near the
floor surface. Next the tunnel di-
mensi ons are reduced to a 60 x 60-cm
cross-section in a 61-cm long con-
vergi ng section. The working section
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FI GURE 1.

isa9.1-mlength of the 60 x 60-cm
cross-section with the test section
at the 6.1-m length. Air is pulled
through the wind tunnel, and air

[ eaving the blower is passed through
hi gh-efficiency filters and exhausted
into the room The air and wind tun-
nel are essentially isothermal.

RESULTS AND DISCUSSION

Particle deposition velocities are

bei ng deternmined as a function of sur-

face roughness, particle dianeter,
and air friction velocity. Different
crushed gravels are currently used in
the wind tunnel to sinulate surface
roughness changes in anticipation
that generalized deposition velocity
correl ations can be deterni ned
Deposition velocities were ex-
tended (%) for a | arge particle size
range of nonodi spersed particles onto
clear chip gravel placed in a uniform
[ ayer on the wind tunnel floor. The

Wnd Tunnel for Particle Deposition Studies

gravel was mnus 1.6 cm (5/8 inch)
in dianeter as received, and in sub-
sequent sieving all gravel less than
0.47 cmwas renoved. The deposition
velocities are shown in Figure 2 as
open synbols for friction velocities
of 22 and 133 cm/sec. Flagged synbols
show deposition when gravel was wet
and wat er was evaporating.

Air flow over gravel was described
by the equation

(z + 8) + z
._____2] (15)

u=“k-&1n[ -

o]

where Kk is von Kdrmdn's const ant

equal to 0.4, z is the height above

a flat surface laid across the gravel
sur f ace, Z, is the roughness height,
and S is a sub-layer distance. Since
the air flows through the gravel, S
was required to establish a log
profile.
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FIGURE 2. Deposition Velocities to
Crushed Gravel Surfaces

Deposition velocities are being
simlarly determned for a 3.8 to
5.1-cmsieved railroad rock or
crushed gravel, which is the nost
geonetrically nonuni form surface
studied to date. Friction velocities
are yet to be determned for this
surface. Data for this surface are
shown as the solid synbols.

From an inspection of these depo-
sition velocity curves we reached
the follow ng concl usions:

1. Mninum deposition velocities
occur at a particle diameter from
0.1 to 0.5 um even when surface
roughness is increased

2. \WWen surface roughness is in-

creased, deposition velocities sig-

nificantly increase. This in-
crease is especially apparent for

6-um particles.
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3. For the 0.47 to 1.6-cm grave
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and
a 22 cm/sec friction velocity,
particle re-entrai nment occurs
for particles greater than 9 um.
Net deposition velocities for
28-um particles are less than for
9-um particles.

4. Water evaporation decreases the

deposition velocity for the three
combi nations of particle dianmeter
and friction velocity investigated
These results are confirmed by
wat er deposition experinents. (9)
The location of particle deposi-
tion in the gravel is being deter-
mned for the 3.8 to 5.1-cm gravel
5-cm average depth. Approxi mately
20%of the particles penetrate the
5-cm depth and deposit on the sur-
face upon which the gravel is
pl aced.

of

FIELD TEST

Experinments in the wind tunne
are determning if electrical charges
on particles will significantly alter
deposition velocities in the m ninum
deposition velocity dianeter range.
Based on the results of these wi nd
tunnel neasurenents, we will conduct
field deposition experinments using
particles produced in an array of
nebulizers. Particles produced in
nebul i zers should have nonequilib-
riumelectrical charges. Effects on
deposition of these charges are
being determ ned in the wind tunnel
Deposition velocities are being deter-
m ned, both with normal operation and
wi t hout the Krypton-85 source in the
Col lison particle generator which
brings particles to charge equilibrium
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DRY DEPOSITION PROCESSES ON VEGETATION CANOPIES

J. G.

Droppo

A brief review of forestry and agricultural literature relat-
ing to processes of dry deposition on plant canopies i s pre-

sented.

The results are summarized i n terms of development of

a model for dry deposition processes in a vegetation canopy
Various aspects of the processes in both high and Zow vegetation

are discussed.

INTRODUCTION

The objective of this research is
to devel op a nodel for dry deposition
processes within vegetation canopies.
A large percentage of the United
States is covered by sone vegetation
cover such as grass, crops, bushes
or forests. Nuclear facilities, in-
cluding electricity generating sta-
tions, are often located at sites
surrounded by vegetation. Assessnent
of routine or accidental release
dosage requires an estimte of the
deposition rate onto the natural sur-
faces surrounding any nuclear facil-
ity. Though deposition processes
deplete the air concentrations, they
may |lead into additional biologica
pat hways at the earth's surface
This is particularly true if the
deposition occurs on a plant which is
a significant part of a food chain.

The current phase of this research
was to obtain an understandi ng of how
pl ant variables influence the rate of
deposition for particular substances.
Enphasi s has been placed on pro-
cesses in higher plant canopies such
as forests. Dry deposition data are
avail abl e for a number of [ower vege-
tation surfaces such as grasses, but

little is known about processes in
hi gher canopi es such as forests.

The term " plant surface”™ has been
adopted for use in place of "Ieaf
surface” when referring to deposi-
tion. The leaf surface in a plant
canopy does in fact conpose a |arge
percentage of the total surface
avail abl e for deposition under ful
foliation. However, plants do have
other surfaces which can have quite
different properties than do |eaf
surfaces. In addition, a large por-
tion of the United States is covered
by deci duous forests and other vege-
tation which lose their foliage once
a year. In deciduous forests the
pl ant and at nobspheric processes are
so different between winter and sum
mer that they nust be considered
separately in terns of plant effects
on deposition processes. A deposi-
tion velocity which refers to fully
foliaged forests cannot be used for
the winter nonths in a deci duous
forest. Simlarly, deposition on
ot her plant canopies can be expected
to be a function of their stage of
growi ng as the plant surfaces in-
crease and the roughness of the
canopy changes.



Literature is currently being
surveyed to give nmore insight into
these processes. The present results
are not to be considered definitive,
but rather only a current summary.
The follow ng describes our nmodel in
its present qualitative stage

MODEL

The overall process of dry depo-
sition over a canopy has been divided
into three regimes: (1) air layer
over the canopy, (2) air-vegetation
layer within the canopy, and (3) the
surface layers over the individual
pl ant elenents. (62100 A fourth re-
ginme may be considered as occurring
inside the plant elenents. The
latter are internal processes limt-
ing the assimlation rate of certain
materials into the plant such as sug-
gested by Bennett et al. (11)

This division was adopted as a
useful concept for separating the
processes by the l[ocation in which
they occur. The travel of any ma-
terial fromthe atnosphere above the
canopy, into the canopy and onto a
plant surface is a continuous path
The steps only represent regi mes of
processes that a material wll pass
t hrough during deposition. Wthin
each regine there may well be nulti-
pl e processes that nay be variously
l[imting. The characteristics of the
depositing naterial can be expected
to strongly determ ne what processes
in each regime are inportant, but
they are not in the scope of this
report .

The concept of each regi me having
a resistance to flow of material is
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useful. A total resistance of the
entire atnosphere and canopy may be
defined as the sum of the resistances
of the individual regines. The
functional relationship for a given

site woul d be:

r(z,t) = ry(z,t) + ry(z,t) + rL(z,t)
(1

where r is the total resistance, Ty

resistance in the first regine, r,

resistance in the second reginme, r
resistance in the third regine, z
height, and t time. The assunption
is made that atnospheric and canopy
characteristics can be expressed as
functions of height and tine.

A nunber of plant characteristics
and processes have been identified
that are tentatively considered as
nodel input variabl es.

1. Physical Characteristics

e canopy height

e density of foliage

e canopy roughness

e leaf area index
2. Physiol ogical Characteristics

e Stomata openings

e surface characteristics
3. Concurrent Fluxes

e nNDMENtUM

e |atent heat

e sensible heat

There are two facets to the in-
put of physical characteristics.
First, the canopy will have an effect
on the wind profile and the turbu-
lence in the wind. This wll affect
processes in the first two regines.
The wind profile under near neutral
conditions over a vegetative canopy

3



may be fitted to a log-wind profile
of the form
u(z) = % 1In z-d (2)

Z
(o}

where u is the nmean wind speed, u,
the friction velocity, z height, d
zero plane displacenment thickness,

z, roughness length, and K the Kdrmén
constant. The top of zero plane dis-
pl acenent thickness is the height at
whi ch the mean wi nd speed woul d ap-
proach zero in the canopy, based on
wi nd measurenents just over the
canopy. The zero displacenment height
and roughness length of a canopy as
determined by |og-wind profiles ex-
tending into the upper canopy are

| ogi cal input variables. These may
be expected to vary with actua
canopy height and density both be-
tween different stands and in the
sane stand under differing prevailing
conditions and stages of foliation
The displacenent height is currently
being used as the definition of the
boundary between the first two re-
gimes. Most of the foliage above
this layer will experience very lit-
tle if any resistance of reginme 2
Deposition processes will go di-
rectly intoregime 3, i.e., the sec-
ond termon the right of Equation (1)
woul d be zero. This would be equiva-
lent to the two-regi me nodel assumed
by Elderkin et al. in this vol-

ume. (12) The second resistance term
can be expected to progressively in-
crease going down into the canopy. A
large increase in this resistance is

expected in the |ower canopy of a for-

est during full foliation with strong
i nsolation occurring. The last term

BNWL-1850 PT3

in Equation (1) can be expected to
vary as a function of height both as
the total plant surface changes with
hei ght and al so as the characteris-
tics of plant surface change. Sec-
ond, the plant surface available for
deposition will affect the deposi-
tionrate. This relates to the third
regime. For grass it has been found
that as the leaf surface area per
unit horizontal area increases, the
deposition rate increases. (13} This
process may be expected to reach an
upper limt where increases in |eaf
area and canopy height will not sig-
nificantly increase the deposition
rate. The grass surfaces studied by
Mar kee apparently had not reached
this linmt.

In a well devel oped forest canopy
the wind profile drops off to a
fairly Iowvalue within the canopy
and then is nore or |ess constant
down to the forest floor, where it
drops to zero. The transport by the
wi nd can be expected to roughly fol-
low the wind profile. The profile of
| eaves is determined mainly by the
availability of solar radiation and
has little direct relationship to
the wind profile. Total resistance
for deposition can be expected to
vary with the exposure of plant sur-
faces in the wind profile.

Papers and reports on turbul ence
characteristics of forests have been
reviewed. The available literature
has included both dynanmi c and phys-
ical nodels. These have pointed out
that turbul ence characteristics of a
canopy are dependent on the hei ght
and density of the canopy. The depo-
sition process will change as a
function of these turbul ence changes.



For exanple, if the profiles of
mass flux to surfaces are assumed to
follow profiles of monmentum fl ux,
consi derabl e information may be ob-
tained fromavailable literature
The process of mass transport down-
ward inregines 1 and 2 can be ex-
pected to have simlar processes as
momentum transport. The eddy diffu-
sivities defined in Fickian diffu-
sion equations for water vapor and
sensi bl e heat transport have been re-
ported to be nearly equal with the
eddy diffusivities for monmentum
transport although there seens to be
a dependence on stability. The basis
for the divergence is felt to be the
bias in convective energies at plant
surfaces where the sources of sensi-
bl e heat and water vapor (latent
heat) occur. Hence the relationship
may be closer for transport of other
materials onto the surfaces since
the source of the mass is in the at-
mosphere, not the plant surfaces.

Profiles of nomentum flux suggest
that penetration nmay be relatively
deeper into | ow, dense vegetation
covers such as grass than in high
| ess dense covers such as crops and
forests. The inmplication is that
the deposition profile would be
uniformon | ow vegetation covers as
conpared to high covers. On high
covers nost of the inplied deposition
woul d be on the upper |ayers of
plants. However, the total flux
shoul d be considerably greater for
the hi gher covers. For exanple, no-
mentum fl uxes over short grass and a
tall crop with 3 m/sec wind speed at
4 m, has been reported to be an order
of magnitude greater over the tal
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crop.(14) The inplication is that the

deposition rate is an order of nagni-
tude greater, although surface
properties may nodify this increase

St udi es of pollen deposition on
the leading edge of a forest stand
have shown that the initial deposi-
tion on the edge is quite great and
that additional deposition occurs at
a slower rate inside the stand. (15)

If a material does penetrate be-
neath a forest canopy, the direction
of transport can be expected to be
hi ghly vari abl e. Hanna (19) has es-
timted that for distances of
greater than 100 mfrom the source
shear diffusion dom nates latera
turbul ent diffusion under a forest
canopy.

El ectrostatic effects would be
inmportant only in regime 3. However,
according to wind tunnel results of
Langer,(l7) el ectrostatic effects
were of no significance in the depo-
sition of dust particles of between
1.9 and 2.4 um surface dianeter on
i ndi vi dual |eaves of coniferous
trees. Inertial deposition was
found to be the controlling param
eter. The collection efficiency of
a cedar leaf for 2.4-um surface diam
eter dust was found to be 6 and 0.5%
for the edge and broadsi de positions.
Wake capture in the turbulence on
the back of the |eaves was not ob-
served. The shadowi ng effect of
| eaves on other |eaves was al so
denonst r at ed. Aylor(lg) has observed
that the trapping efficiencies of
regional pollen by corn foliage was
between 3 and 7% As nore such re-
sults becorme available they will be



incorporated into the nodel under
devel opnent .

The physiol ogi cal characteristics
relate to the third and fourth re-
gimes. Nunerous studies have been
performed on stomatal resistances,
and these are being considered in
the deposition nodel

The concurrent fluxes can be ex-
pected to affect the deposition rate.
The deposition rate is often assumed
to occur at the same rate as all owed
by the momentum flux to the surface
This assunption is likely best in
the first regine. Latent heat fluxes
and sensible heat fluxes nmay be re-
lated to diffusiophoresis and thermo-
phoresis effects. Although these
processes have generally been con-
si dered of secondary inportance
according to our estimates the
greater adsorption of solar energy
(lower al bedo) resulting in increased
latent and sensible heat fluxes can
lead to fluxes which can signifi-
cantly affect deposition rates
the daytime in foliated forest
canopies, the latent heat flux is
often considerably larger than the
sensible heat flux and represents a
counter mass flux to deposition pro-
cesses. Despite high resistances
per unit surface plant area, the
total deposition in a plant canopy
can be greater than on other surfaces
because of greater total area. Such
an effect was noted in a field study,
where the collection efficiency of
grass was less per unit plant sur-
face area than a ground surface, but
the overal|l deposition rate was
greater. (13)

In
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The assunption may be made that
the resistances determ ned for water
vapor transport in vegetation
canopies will also apply to the flux
of materials being deposited on the
vegetation. This can be expected to
be best for regimes 1 and 2 and not
necessarily valid for regime 3. In-
teraction between the surface and
the particle depends on the chenica
and physical nature of both, and
physi ol ogi cal processes within the
plant may differ for different
subst ances.

The bul k aerodynam c resistance
to water vapor transport froma pine
forest has been reported to be be-
tween 0.05 and 0.10 sec/cm, which
corresponds to velocities of depo-

sition of between 10 and 20 cm/sec.(19)

The bul k physi ol ogi cal resistance of
the forest exhibited a diurnal trend,
from1l.2 sec/cm in the morning to

4 sec/cm by late afternoon. These

results may be applied to the depo-

sition on forests only with certain
reservations.

1. The depositing substance may not
have the same physical or chenica
characteristics as water vapor

2. The source and sink profile rel a-
tionship will not be identica
bet ween wat er vapor and the de-
positing substance as a result of
the opposite directions of the
fluxes. In addition these rela-
tionships may be nodified by in-
teractions between the fluxes.
These resistances are in genera

agreement with other estimtes of

resistances in forests. (29



SUMMARY

The processes of deposition on
hi gh canopi es cannot be expected to
be the same as on | ow canopi es
The deposition in a canopy will be
dependent on the physical character-
istics of the canopy. The anmpunt of
penetration of material, and hence
deposition, into the | ower regions
of the | ow canopi es can be expected
greater than for higher, |ess dense
canopi es. The significant portion
of material is expected to be de-
posited onto the upper portions of
hi gher vegetation canopies. A node
is being devel oped that includes re-
sults of diffusion, wind profiles,
energy budget, and physi ol ogi ca
research relating to vegetation
canopi es.

SUGGESTED FUTURE RESEARCH

Studi es of the turbulence within
vari ous canopi es woul d provide a
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better estimte of the resistance in
regime 2. A nunber of recent re-
searchers have provided this inforna-
tion for several canopies. These
results should be organized in termns
of prevailing canopy and at nospheric
condi tions.

A predictive nodel for dry deposi-
tion should be devel oped. Current
canopy turbul ence information should
be used in this nodel. A deposition
nodel for canopies should take into
account the physical characteristics
of the canopy. The nodel shoul d be
used to | earn how and where dry depo-
sition occurs in various canopies
and to ascertain the sensitivity to
various input variabl es.

The above research woul d identify
needed field research. The present
recomendations for a field research
project are that the profile of depo-
sition be studied as well as the
total deposition and that a carefu
record be kept of a number of canopy
and at nmospheric conditions.
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ELEMENTAL CONTENT OF TRACE ELEMENTS IN VEGETATION
COLLECTED AT CENTRALIA, WASHINGTON

and W C. Wi ner

L. A. Rancitelli, K. H. Abel

Samples of vegetation collected around the Centralia coal=~
fired electric plant contained concentrations of As, Hg, Sb,
and Se that were up to an order of magnitude higher than the

concentrations measured i n Alaskan vegetation samples.

Large quantities of trace elenents
are known to emanate as a result of
the fossil fuel consunption by power
plants. Although the effects of
these trace elements on atnospheric
quality have been characterized to
sone degree, their inpact on the bio-
sphere is still unknown. The inpact
of fossil fuel power plants on the
[ ocal environment can be assessed by
measuring daily air concentrations of
the noxious trace elements along with
S0, and NO,.

However, the long-term effects on
the environnent are not readily ex-
trapolated fromair concentrations
It is necessary to measure the depo-
sition rates on local vegetation. In
an attenpt to assess the inpact of
the 1400-Mw Centralia power plant on
the [ocal biosphere, a sanpling net-
work of vegetation has been est ab-
lished around the power plant. Vege-
tation sanples which include annual s
such as grasses, |eaves from deci d-
uous trees, conifer needles, |lichens
and nosses have been collected for
trace el enent analysis. The grasses
were sel ected since they should re-
flect recent deposition and uptake,
whil e nbsses and lichens, with their

uni que dependence on atnospheric depo-
sition of nutrients, should supply in-

formation on long-term effects of the
power plant to local environs

Twent y-ei ght maj or, mnor and
trace el ements were neasured in these
veget ation sanmples by instrunenta
neutron activation analysis. The re-
sults of the anal yses of vegetation
sanmples are presented in Table 1 with
a conparison of lichen sanples col -
lected froma renote region in Al aska.
A conparison of the concentrations
for the volatile elements As, Hg, Sb,
and Se in lichens shows that concen-
trations in sanples taken near
Centralia, WAshington are el evated
up to an order of magnitude relative
to the Al askan sanples. The highest
i ncrement occurred for As, which
reached 7 parts per million in the
Centralia |lichen and noss. The con-
centrations of the other 24 elenents
do not appear to reflect increased
val ues around Centralia. While it is
not possible at present to ascribe
the elevated concentrations of As, Hg,
Sb and Se to the operations at Cen-
tralia only, inplications are that
moni toring of plant materials should
provi de an excellent indicator of the
i npact of power plants on |ocal vege-
tation once a proper |ocal baseline
of elemental concentrations has been
est abl i shed.
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TABLE 1. Elemental Content in Plants from Centrali a,
Washington (ug/g Dry Basis)

Al askan
El enent s Pasture G ass Tree Leaves Mbss Li chen Li chen
Ag <0.03 0.011 0. 032 0.046 0.13
As 0.14 0.93 7.0 7.2 0.82
Au <0.04 <0.01 <0.02 <0.03 <0.02
Ba 25 81 20 60 66
Br 32 4.5 14 30 4.2
cd <3 <1 <1 <2 <1
Co 0. 062 0.23 0. 45 1.3 0.75
Cr 1.8 2.2 1.7 5.1 5.3
Cs 0.12 0.15 0. 089 0.30 0.24
Eu 0. 0061 0. 030 0. 049 0.13 0.05
Fe 120 340 1, 100 3,000 2,100
Hf 0.011 0. 061 0.22 0.53 0.19
Hg <0.02 0. 055 0.17 0.12 0.049
K 15, 000 10, 400 2,400 3,800 2,400
La <0.1 0.72 1.1 2.5 1.3
Na 3, 600 220 720 1,400 812
Ni 3.2 3.3 <2 7.9 <2
Rb 75 27 9.2 19 9.0
Sb 0. 025 0.11 0.78 0.99 0.060
Sc 0. 039 0.13 0.49 1.2 0.79
Se <0.06 0.077 0.49 0.60 0.16
Sm 0. 025 0.086 0.18 0.47 0.25
Sn <3 <4 <4 <6 <3
Sr 56 230 33 78 28
Ta <0.005 0.028 0. 084 0.20 0.085
Tb <0.004 0.020 0. 032 0.084 0.039
Th <0.01 0.074 0. 20 0.53 0.38
Zn 33 31 37 70 36
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PARTICLE DEPOSITION RATES ON A WATER SURFACE

AS A FUNCTION OF PARTICLE DIAMETER AND AIR VELOCITY

G. A. Sehmel

L. Sutter

Deposition rates of airborne monodispersed particles onto a

water surface were determined in a wind tunnel.
velocities over water were 2.2,
diameters were from 0.3 to 28 um.

Average air
7.2, 13.8 m/sec, and particle
For particles greater than

1 um, deposition rates increased with both particle diameter and

wind speed.
are comparable to transport
Brownian diffu5|0n
mately I x 10-2 cm/sec.

For particles less than 1 um diam, phoretic forces
forces from eddy diffusion and
Minimum deposition velocities are approxi-
Maximum deposition velocity was 37 em/

sec, the largest ever reported for any surface.

INTRODUCTION

Dry deposition of airborne poll u-
tant particles onto water surfaces is
one neans by which pollutants are re-
nmoved from the atnosphere. Since ap-
proximately two-thirds of the earth's
surface is covered with water, the
dry deposition rates of particles
onto water should be known if the
true pollutant renmoval capacity from
air to water is ever to be estab-
lished. In discussing pollutant re-
moval rates at the air-sea interface
dry deposition rates include al

=

K = % = ampunt deposited/cnt of

mechani sns for particle removal not
attributed to precipitation. These
mechani sns i ncl ude eddy diffusion
gravitational settling, inertia
effects attributable to air eddy size
and particle relaxation time, impac-
tion, interception, electrostatic
effects, wave spray collection, dif-
fusi ophoresis and thernophoresis.

The deposition velocity, K, de-
scribes transfer rates of single sized
particles and includes only surface
resistance to nass transfer. The
deposition velocity; K, is defined as

sprface/sec (1)

C ~airborne particle concentraiion above the surface/cm3

The concentration, C, for the npno-
di spersed particles is measured about
1 cm above the deposition surface.
One woul d expect for water sur-
faces a deposition velocity depen-
dence on particle diameter and wind

velocity. Sone particle size depen-
dency was observed in a wind tunne
by Ml ler and Schumann,(21 but no
wind vel ocity dependence was ob-
served. They showed that deposition
velocities, K, were from0.01 to
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0.04 cm/sec for particle diameters
ranging from 0.03 to 1 uym. No data
were reported for larger sized
particles.

Particle deposition mechanisms
onto an ocean surface are complex
since the water surface is usually
covered with a monolayer film or
multilayer film composed of fatty
acids or glycoproteins.
could alter mass transfer rates at
the surface. Baier and Goupil (22)
report films are usually 100 to 200 A
thick, and are up to 4000 K in more
Films (Szekielda) (23)
may consist of about 80%inorganic
material and 20%organic. Deposited
particles may preferentially collect
in sea foam. Film resistance can be
altered by microorganisms since
Twitchell (24) reports surface films
are mechanically agitated with
flagella (dunaliella tertioleda),
which increase evaporation rates.

The purpose of this study is to
determine from water wind tunnel
studies the deposition velocities,

K, as a function of monodispersed
particle diameters from 0.3 to 28 um
and wind speeds from 2 to 14 m/sec.

In the determination surface films

have been ignored since distilled

water was used as the deposition
surface.

These films

polluted regions.

Nevertheless, these data
are the first reported for deposition
of monodispersed 1 to 28-pm diam
particles onto a water surface.

EXPERIMENT
Particle deposition velocities,

K, for water surfaces were deter-
mined (*") using monodispersed uranine

BNWL-1850 PT3

particles and distilled water on the
floor of a wind tunnel. Water was
contained within the wind tunnel by
placing a plastic sheet (leak proof
surface) across the wind tunnel floor
and up the sides and over two dams
placed at the inlet and outlet of

the test section. The test section
was 9.1 m long by 60 an wide. The
initial water depth for each run was
held constant at approximately 2.2
cm. For deposition determinations,
particles were generated, airborne
concentrations measured and deposi-
tion fluxes measured for each experi-
ment. Air velocity, friction veloc-
ity, wave length, wave height, and
wet and dry bulb temperatures were
measured in selected runs.

RESULTS AND DISCUSSON

Particle size as reported is the
size of particles entering the wind
tunnel. However, because uranine
particles are hygroscopic, the possi-
bility exists that particle sizes may
have been enhanced by sorbed moisture
just before final deposition into the
This sorption was not be-
lieved a serious problem. Neverthe-
less, future research should consider
using the ammonium salt of fluor-
escein rather than uranine (the
sodium salt).

water.

The ammonium salt has
a very low water solubility
(Stéber)(26)

Wave Description

Water wave characteristics for
the three wind speeds used were a

function of wind speed. These wave
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lengths and heights are summarized
in Table 2. For the lowest wind
speed of 2.2 m/sec, neither wave
length nor wave height could be
characterized by the still photo-
graphic technique used. For higher
wind speeds of 7.2 and 13.8 m/sec,
both wave height and wave length
increased with increased wind speed.
The maxima observed were 2.5 and

24 an respectively.

Table 2. Wave Description
Air Wave Wave
Velocity Length Height
m/sec an an .
2.2 Small Small
7.2 10 to 15 1.0 to 1.6
13.8 10 to 24 1.3 to 2.5

Deposition Velocities

Experimental deposition velocities
are shown as a function of particle
diameter in Figure 3 for wind speeds
of 2.2, 7.2 and 13.8 m/sec (corre-
sponding to friction velocities of
11, 44, 117 cm/sec, respectively).
Also shown is a broken line repre-
senting particle deposition velo-
cities corresponding to the terminal
settling velocity.

Deposition velocities for particle
diameters greater than 2 pym show con-
sistency as a function of wind speed.
At the lowest wind speed of 2.2 m/sec,
experimental data points are con-
sidered to be indistinguishable from -
the terminal settling velocity broken
line. At this low air speed neither
increased air turbulence nor small

DEPQS ITON VELOCITY K, CM/SCo
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FIGURE 3. Deposition Velocities to

a Water Surface (Particle Density of

1.5 g/cm3)

wave motion enhanced particle depo-
sition. At higher wind speeds,
enhanced deposition was significant.
Deposition velocities increased with
both an increase in particle diameter
and wind speed. Similar increases
have been shown for dry surfaces by
Sehme1. (376)

For the largest particles a sig-
nificant difference occurs between
dry surfaces and a water surface.
For dry surfaces, net deposition
velocities decrease with an increase
in particle diameter above about
15 um. This decreased net apparent
deposition is caused by particles
depositing but not sticking to a dry
surface and being re-entrained into
the airstream. For a water surface,
re-entrainment does not occur since
particles dissolve in the water.



Deposition velocity dependency upon
wind speed could not be established
for particle diameters below about 1
um. Although a consistent wind speed
depencency was not shown, deposition
velocities are similar to those re-
ported by Moller and Schumann,(zn who
did not discuss any effect of wind
speed. As indicated by temperature
gradients, phoretic effects(zs) are
considered important in this particle
diameter range. Phoretic effects were
not controlled by either group of in-
vestigators. Nevertheless, data con-
sistency suggests that the heavy solid
curve reasonably represents deposition
velocity data in this size range and
that the minimum expected deposition
velocity over a water surface is
1 x 10 2 cm/sec.

CONCLUSIONS

Particle deposition velocities
now provide an experimental basis

BNWL-1850 PT3

with which particle removal rates at
the air-sea interface can be pre-
dicted. The rates are as expected
in that: (1) a minimum deposition
velocity was determined in the par-
ticle size range where eddy and
Brownian diffusion are comparable
and (2) deposition velocities for
particles greater than 2 um increased
with both an increase in particle
diameter and wind speed. Although
the nonbreaking water waves developed
with the small water depth in the
wind tunnel were smaller than most
ocean waves, deposition velocities
as high as 37 cm/sec were measured
for 28-um diam particles. This is
the largest experimental deposition
velocity ever reported for any sur-
face. When spray occurs the deposi-
tion velocity may be even greater.
Experimental data are needed when
breaking waves are simulated. This
wave surface should include surface
films.
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DETERMUE NATE ON OF AEROSOL DEPOSE TH ONRATES ON A

LAKE SURFACE USING RADON DAUGHTERS

J. A

A deposition velocity of 1.5 em sec™?

Young

and a vertical eddy

diffusion coefficient of 43 em?2 see-1 at a depth of 6 ft were
calculated from the measured concentrations of the short-lived
radon daughters 214pp and 214B7 in Lake Crescent water.

INTRODUCTION

Average rates of atmospheric
mixing and particulate deposition on
the earth's surface have been fairly
well established from measurements of
radionuclide concentrations in the
atmosphere and the oceans.
measurements of radionuclide concen-
trations in precipitation have also
been made to obtain wet deposition
rates.

Extensive

PROBLEM

The average rates and the meteoro-
logical parameters affecting the
deposition rates of atmospheric aero-
sols on the earth's surface by turbu-
lent transport are considerably less
The problem is that the
nature of the surface and the charac-
teristics of the air flow near the
surface determine the deposition rate,
at least for submicron particles
which do not settle at appreciable
rates. Therefore, at least from a
theoretical standpoint, fallout trays
which interfere with the air flow do

well known.

not provide valid data on turbulent
deposition rates. Deposition rates
must be measured either on natural

surfaces under conditions in which
the normal air flow is not disturbed
or else in wind tunnels where the
characteristics of the air flow are
known.

MEASUREMENTS

The deposition rates of atmospheric
aerosol particles on a water surface
were determined by measuring the con-
centrations of the radon daughters,
214p, (26.8 min) and 21%Bi (19.7 min)
in Lake Crescent, a very clear lake
on the Olympic Peninsula of Washing-
ton State. These radionuclides are
produced by the decay of 222pn (3.8 d)
gas emanating from the earth's sur-
face. They rapidly become attached
to the atmospheric aerosol particles
and therefore serve as tracers of the
subsequent behavior of these parti-
cles. They are ideal for the deter-
mination of the variation in the rate
of deposition on a lake surface be-
cause of their high atmospheric con-
centrations and short half-lives.

The concentrations were determined by
pumping lake water through a filter
and then through anion and cation
exchange resins. The filters and
the resins were then counted using
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Ge(Li) diodes and NaI(T1l) multidimen-
sional gamma-ray spectrometers.

RESULTS

The measured concentrations of
214py and %1%Bi decreased by a factor
of about five between the surface and
a depth of 20 ft and then remained
constant. Presumably the concentra-
tions below 20 ft represent back-
ground concentrations produced by the
decay of radon dissolved in the water.
The deposition velocities of 214py,
and 21%Bi on March 28, 1973 were
calculated to be about 1.5 an sec’
The wind was relatively light on

1

this day. On March 25, 1973 the
wind speed was somewhat higher and
the surface concentration of 21%pb
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and 214

Bi were 60%higher, indicating
a higher deposition velocity. The
vertical eddy diffusion coefficient
in the lake was calculated to be

43 an? latadepth of 6 ft.
When these measurements were made,
the lake was isothermal within about

0.1°C down to 70 ft.

sec

FUTURE WORK

In the spring of 1974 it is
planned to measure the concentrations
of 21%pb and 2'*Bi in the lake and
in the atmosphere at the same time
as wind speed measurements are being
made to determine deposition velo-
cities and vertical eddy diffusion
coefficients in the lake as functions
of wind speed.

A FLUX METER FOR DIRECT FIELD MEASUREMENT OF

DEPOSITION AND RESUSPENSION RATES

J. M. Hales and T. W Horst

A conceptual
described.
tested during the coming year.

In recent years a variety of
field methods have been employed to
measure the deposition and/or resus-
pension of gaseous and particulate
material to and from the earth's
surface. These have all met with
rather limited success owing to ex-
perimental complexities, which have

design for a dry-deposition flux meter i s
A prototype of this design will

be constructed and

forced the measurements to be either
indirect or else largely inappropri-
ate for extensive use for calculating
behavior in the real atmosphere. As
indicated by the summary in Table 3,
the technique of direct flux measure-
ment--if possible--would overcome

most of the difficulties encountered
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TABLE 3.

Summary

of Characteristics of Experinental

kethods for Dry Deposition Measurenent

Experinent d ass

Maj or Advant ages

Wnd tunnels

Di rect measurenent,
good control on

. .

Limted choice of deposition
surfaces, assumes deposition

nost conditions

israte limted near surface

Di spersi on Regime(s)
Requi red for Study

Not applicable--artifi-
cial at nospheres
enpl oyed

difficult to sinulate typica
m xed pol [ utant conditions

Static chanbers Di rect measurenent

Limted choice of deposition
surfaces, assunes deposition

Not applicable--artifi-
cial at nospheres

is rate |imted near surface, enpl oyed
difficult to sinulate typica

m xed pol | utant conditions

Al nost i npossible to acconplish Any regine

Deposi tion-surface Direct neasurenent

neasur enent s

except for _high
tracers.
from chenica

speci al i zed
Possibl'e Interferences
reaction subse-

quent to deposition.

Pl ume decay Direct neasurenent

neasur enent s

Difficult to account for
hetrogeneous terrain, high

Transi tion and
deposition controlled

probability of obscuration by

I n-plume reaction

highl t
of pIune or reliance on un-
reliabl e plume nodel s

Si mul t aneous Di rect neasurenent

Difficult to account for hetero

Requires
difficult cross-sectioning

Transition and deposi

depositing- geneous terrain, hl%h pr obabi | - tion controlled
nondeposi ti ng Ity of obscuration by In-plume
measur enent s reaction. Requires highly dif-

ficult cross-sectioning o
plume or reliance on unreliable
pl ume nodel s

Profil e measurenent

I ndependent of Chem
met hods

rxn. measures tota
deposition effect

Si ngl e-poi nt sanpling
sufficient for

anal ysi s

Fl ux-measur enent

| ndependent of Chem
met hods

rxn. measures tota
deposition effect.
Si ngl e-poi nt sanpling

Suc

I ndi rect neasurenent, depends on
measur enment of diffusivity, nust
be conduct ed under deposition-
control | ed conditions unless

di spersi on node

Extrenely sensitive and fast-
re5ﬂonse.|nstrunEntat|on requi red
equi pnent not presently
avai |l abl e for nost substances

Deposition controlled

is enpl oyed

Any regine

sufficient for of interest
anal ysi s
by these other methods and provide flux meter. The design of this meter

a convenient tool for deposition/
resuspensi on analysis. This tech-
ni que has been linted, however, by
its requirenents for fast-response
(on the order of 0.5 sec) nonitoring
i nstrunmentation, which does not
presently exist for a mpjority of
the pollutants of primary interest.
During the past year we have dis-
covered a method for overcoming the
requi renent for fast-response noni-
toring instrunentation, thus enabling

the conceptual design of a practica

is based on the assunption that at
the measurenment sites the deposition
flux occurs primarily by eddy dif-
fusion. Thus the flux is charac-
terized totally in terms of the time-
smoot hed cross term

, (1)

flux = v (2)x"(z
which is the vertical conmponent of
pol I utant novement taken from the
overal | continuity equation
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5% (Vax) = 7 - (vax")

2
+ DpVoX T, (2)

Her e v, is the fluctuating conponent
of vertical velocity and x' is the
fluctuating component of concentra-
tion; the bar indicates averaging of
the product of these values over a
suitably long time period.

The nost obvi ous method of mea-
suring the flux in Equation | directly
is sinply to obtain sinultaneous mea-
surements of v! and x' and average
their product. As discussed previ-
ously, this is not possible because
of difficulties in measuring x' with
sufficient response. The alternative
procedure we suggest is shown sche-
matically in Figure 4. Here the time-
smoot hed product in Equation (1) is
measured intact by means of draw ng
air sanples into two reservoirs (one
for updrafts and one for downdrafts)
at rates exactly proportional to the
vertical velocities experienced in
the vicinity of the inlets. Rates
of air withdrawal are controlled by
two fast-response, proportiona
trol valves, actuated by a signa
from an anenoneter. Appropriate
linearization circuitry is provided
to conpensate for nonlinearities in
val ve response

con-
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ANEMOMETER
SAMPLE INLETS

-

ANEMOMETER
SIGNAL CONDITIONER

CALIBRATED ANALOG
CIRCUITRY FOR
=} LINEARIZATION OF
VALVE RESPONSE

+

UPDRAFT
PROPORTIONAL
VALVE

DOWNDRAFT
PROPORTIONAL
VALVE

SAMPLE
CHAMBERS

Neg 740789-7
FI GURE 4. Schematic of Flux Meter

Starting with enpty sanple cham
bers, a neasurenment of gaseous pol -
l[utant flux can be initiated by
actuation of the neter for an appro-
priate period. Subsequent analysis
of the contents of each chanber and
subtraction of the values determnne
the flux defined in Equation (1)
Aerosol deposition rates are neasured
simply by placenent of filters at the
sample inlets with subsequent analy-
sis and subtraction of the val ues.

A frequency response anal ysis for
this nmethod has been conducted and
a prototype design initiated. Cur-
rent plans call for construction and
testing of at l|east one of these units
during the comng year
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ANALYTICAL INVESTIGATIONS OF INERTIAL DEPOSITION OF SMALL

AEROSOL PARTICLES FROM LAMINAR FLOWS ONTO LARGE OBSTACLES

PART A - GENERAL FORMULATION

W. G.

Rather than follow the usual

Slinn

formulation of the inertial

deposition problem, a continuum model i s presented which re-
places Newton's second Zaw by a continuity equation and a pseudo-

momentum equation.

Some features of the general solution are

discerned and it is seen that regular perturbation methods fail
both at Zarge and small Stokes numbers.

INTRODUCTION

The inportance in many practica
probl ens of evaluating inertial depo-
sition of aerosol particles onto
various obstacles is well known. An
application that has recently in-
terested the author is the precipita-
tion scavenging of particles fromthe
at nosphere. El sewhere we have re-
ported on estimtes of particle col-

[ ection by raindrops caused by el ec-
trical forces, nolecular diffusion
and diffusio- and thernophoresis
(slinn, 1968; Slinn and Shen, 1970;
Slinn and Hal es, 1972). (27,28,29)
Here a search is made for an ana-
[ytical solution for the collision
efficiency when the inertia of the
aerosol particles is significant.

From the wording of the previous
sentence and fromthe title, the
reader can (correctly) infer that the
attenpt to find an exact solution has
met with only partial success. Pre-
sumably this is not surprising to
those famliar with the problem
since it is known to be quite diffi-
cult. W do not propose to review
other investigations here, but in-
stead refer the reader to recent re-

vi ews by Fuchs,(so) Davies,(31) Hi dy
and Brockcsz) or Nhrble.(33) However,
we note as illustration that a recent
article (Mchael and hbrey)(34) makes
reference to early work by Sell, (35)
and note that current applications

still rely heavily on contributions
made by Langmuir and BIodgett(36) and
Taylor. (37)

The purpose of the present report
is to denonstrate a different ap-
proach to the problemand a first few
steps towards its solution. Because
of our interest in the rain scaveng-
ing problem (i.e., in the inertial
deposition of particles onto approxi-
mately spherically shaped obstacl es
movi ng at |arge Reynol ds nunbers)
there is a tendency in what follows
to concentrate on the case of poten-
tial flow about a sphere. However,
there is no apparent restriction of
the nethod of this case, and results
are also displayed for the case of
potential flow about a cylinder. In
Part C of this paper, which in the
mai n concentrates on the small Stokes
nunber case, some results are also
presented for viscous flow about a
sphere.
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PROBLEM FORMULATION

The usual way to approach the prob-
lem is to start from Newton's second
law of motion for a single aerosol
particle and use an inertial frame
fixed with respect to the obstacle.

I't is assumed that the difference be-
tween the velocity of the particle,

U, and the velocity of the fluid, V,
is small enough so that a linear re-
lationship exists between the drag
force on the particle and the relative

(or slip) velocity (G - 3). Then in
the absence of other forces, Newton's
law becomes

-

- la-n (1)

where the (particle velocity) relaxa-
tion time constant, t, can be found,
for example, using Stokes' or

Epstein's (37)

drag law (or some in-
terpolation between these two) de-
pending on the Knudsen number. For
example, for a spherical particle of
radius p and density Pp then if the
fluid is air and if we ignore the
buoyancy of the particle, Stokes'

drag law gives

2

2 fpop
YS9 o5 v (2)
where Py is the density and v is the

kinematic viscosity of air.

In addition to ignoring non-
linear terms in the drag law, we
shall also ignore the influence of
the particles on the flow field and
thereby take 5 in (1) to be the
single-phase velocity field about
the obstacle. The added mathematical
complexity caused by these interac-
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tion terms is significant (for exam-
ple, see Fuchs, p. 70 et seq or
Hocking)(30’39) whereas physical in-
tuition suggests that their conse-
quences will be small provided the
total aerosol mass loading of the
fluid is small compared with the den-
sity of the fluid and provided that
the particle size is an order of
magnitude or less, smaller than the
size of the obstacle.*

Rather than proceed from (1)
which describes the motion of a sin-
gle particle, consider the case of
usual interest in aerosol physics in
which there is a population of par-
ticles described, say, by a number
density n(?,t). Typically, far up-
stream from the obstacle, the number
density is uniform, say n, Nov | et
us use u(r t) of (1) to descrlbe not
just the velocity of a single par-
ticle at position - and time t, but
instead, the velocity of the particle
field at T and t. Then the equations
which describe this particle con-
tinuum are a continuity equation
an

ﬁ+v-(nﬁ)=o (3)

and a (pseudo) momentum equation

- >
Du . 9
D——Ltl-:a—‘;Jrﬁ-vU:%(V/-ﬂ). (4)

* For example, in the case of pre-
cipitation scavenging of aerosol
particles, the aerosol mass load-
ing of the atmosphere may be as
high as 103 ug m-3 versus the
density of air, nv 109
and the Iargest partlcle og in-
terest may have radius ~10! um
whereas the smallest raindrop size
of interest would be more than
102 ym = 0.1 mm. Thus the influ-
ence of the particles on the air
flow about a raindrop would be ex-
pected to be negligible.



In particular, we shall be concerned
in the sequel al most exclusively
with the steady state versions of

(3) and (4), i.e.,

>
Venu-=o

(5)
(6)

> >
u - Vu

1
)=
~~
<

EXPLORATIONS FOR AN EXACT SOLUTION

1. Limting t Val ues

Equations (5 and (6) appear decep-

tively sinple, but we have been unable

to find exact solutions in spite of

the availability of considerable theory

on quasi-linear first order partia
differential equations. Nevertheless
it my be of interest to display sone
features of the exact solution which
are imedi ately available.

For exanple, for the case t+o
(small particles) we have from(6)
that & = V, t+o0 and from(5) and the
continuity equation for the fluid,
then n = p, the density of the fluid.
Thus, as expected, the small-particle
limting formof the equations pre-
dicts that the particle field is in-
di stinguishable fromthe fluid, or
the "particle lines" becone identica
with the streanlines.*

* Actually this result is sonewhat of
an eni gma because it seems to inply
t hat en the inertia of the parti-

cles is negligible, then the inertia
of the fluid nust also be negligible.

The author expects that the reason
for this result is the neglect of
other terns in Newton's equation
mentioned earlier, particularly the
buoyancy term Therefore the
ing case t+o should be treated as
the case, not when the particles be-
come inertialess but instead, when

the particles acquire the properties

of an infinitesiml elenment of the

fluid.

imt-
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At the other extreme, for |arge
particles, T+~ and the exact solu-
tionto U « Vi = 0 is 4 = constant,
which is obviously the free-stream
fluid velocity, far fromthe ob-

stacle. This limt also conforms to
expectations. The particle density
is then n = constant which we see

must be Ny» the uniformfree-stream
density, everywhere except in a
"shadow' cast by the obstacle (much
as in geonetric optics) where n = o.
This will be discussed further in
Part C

That we can find exact solutions
at these two extremes of the vel oc-
ity relaxation time, t, suggests
that t be treated as a perturbation
paranmeter and that perturbation
solutions to the equations be sought.
This endeavor is in fact the main
concern of this report, but, as wll
be seen, it is not a trivia
undert aki ng.

What we seek is the collision
efficiency, E, for the obstacle as
a function of 1. For the cases
above: t+o(u»v), E+o and for 1w
(ﬁ+ﬁo), E>1. Thus the collision ef-
ficiency is defined as the flux of
particles to the obstacle nornalized
by the flux for the case t»~. It
can also be interpreted as the nor-
mal i zed collision cross section

2. Arbitrary 1 Values

Bef ore pursuing perturbation sol u-
tions, it is worthwhile to investi-
gate other features of the exact
solution, especially for internedi-
ate values of «. For exanple, if
(4 is witten as



@
(=53

vu? - 4 x curl 4 -

S8
ct

+
S) L

(7
and if we let g = curl Vand o =
curl U be the vorticity of the two
velocity fields, then upon taking
the curl of (7) we obtain for the
vorticity of the particle field

3w

-> > > > > -
Frs +u * Vw - w + Vu + wV = u

@ - 3. (8)

|
——

Now consi der the case of two-
di mensional or axi-symetric flow,
for which & . Vil = 0, and suppose
that the fluid velocity is derivable
froma potential (i.e., & =0 = V . V.

Then (8) sinplifies to
oo (Lev-q) (9)

This result states that under the
conditions specified there is no
source of vorticity within the par-
ticle field. |In particular, at large
di stances upstream we woul d expect
V. 4 to benegligibly small and then
(9) vyields

© =0, exp (- t/1) (10)
where o is any initial vorticity at
infinity and t is a paranmeter along
the particle lines. For a uniform
particle field at infinity we then
have the result that the particle
velocity field is irrotational every-
where, except perhaps on particle
ines downstream of the obstacle.
The above is interesting but does
not appear to be very useful in an
endeavor to find the solution to the
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original equations. Thus if we now
put U = Vx into the steady-state
equations (5 and (6), we obtain

Vi = -1+ Y &nn (11
and
77 =L we - (12)

where ¢ is the velocity potential for
the fluid. Now(12) can be inte-
grated to give us a Bernoulli-type
first integral (also see Marble). (33)

% )’ = % ¢ - x) (13)

but our tradeoff for reducing the num
ber of variables from2 to 1 (4 to y)
has been to change from a quasi-
linear to a nonlinear first-order
equation, neither of which the author
has been able to solve.

However, in spite of this rather
negative result, this formalism does
al l ow sone insight into the exact
solution. From (10}, i.e.,

® = Zo exp (- t/1) (14)

there is a suggestion that r = o may
be an essential sigularity of the
solution. This can also be seen from
the original equation (6) whose com
ponents in intrinsic coordinates s,n
(along and normal to particle Iines,
respectively) are Kk = Vn/Tuz, wher e

K is the curvature of the particle
lines, and

(v . - u). (15)

Q
c
Al

S



If in(15 we use the paraneter
(time) t = s/u, then the inplicit
solution to (15) 1is

uty =% Jf vy (t - 8)

(o]
exp (- &/t) dg. (16)

This result, for t+o, again fore-

war ns possibly significant difficul-
ties. For exanple, if 1 =0 is an
essential singularity, then an asynp-
totic expansion of the form

U (T,t) vu

o )+ T (M

sP i, B e, T o0 (17)

whi ch would normally be assuned in a
perturbation analysis for small =,
will not be valid.

FAILURE OF REGULAR PERTURBATION
TECHNIQUES

1. Small Stokes Nunbers

In spite of the above nentioned
possibility of failure, it is of in-
terest to exami ne the consequences of
assum ng a perturbation solution of
the form given above in (17). First,
we nondi nensional i ze the nmoment um
equation using as characteristic
velocity the free-stream speed U,
and as characteristic length sone
di mensi on of the body, say a (e.g.,
the radius of a spherical obstacle).
Then using the same synbols for non-
di mensi onal quantities as were used
when they possessed di nensions, we
obtain the momentum equati on

su-vVu=v-u (18)
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s = — (19)

is the Stokes nunmber. For snmall
particles, the Stokes nunber is
small.  An order of magnitude re-

m nder of the size of the Stokes num
ber for particles ina flowfield
about a raindrop falling at its ter-
m nal velocity is

s =0 @, ph (20)

where p is the particle radius in
mcrons.

We now seek a solution to (18) of
the form

>

u (T,s) o a, (T) + s Uy ()

+ 52 32 (?) + ., S > 0. (21)
This results in the series of

equati ons

. - - 2
s Pouy v (22)
1 A > - o . > - L, >
s oy u, Vuo v Vv (23)
s . %, - -G, . W4, etc (24)
’ 2 1 1’ )

In fact it is easy to obtain in this
manner the solution to any order, for
exanpl e,

-> > 1 -> - 52 - - -

u=v->xs Vv s v+ > Vv ¢« Vv s+ v
2 2

- % s3 VV . VV « Vv V

+ 0 (s7) (25)
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or wite the solution in operator
form which follows directly from(18)

> 1 -
u = = |V
1 +su-V

whi ch quickly leads by iteration to

a continued fraction representation
+

for u.

(26)

But it soon becomes apparent that
U does not have a solution of the
form(21) or if it does, then the
solution is not physically neaningful
For exanple, consider the case of

potential flow about an obstacl e.

Then

G- v .w sty (27)
1~ ) P

In particular, for potential flow
about a sphere, (27) vyields

u =3_ [(J‘___..
1 r4 r3

v (= + %) si n? e] ér

1) cos2 8

+ (—¢ - 1) sin o cos o ée} (28)
where the positive z direction is
chosen in the direction of the free-
streamvelocity and 0 is the polar
angle fromz. On the sphere, r = 1,

(22) and (28) in(21) gives
u(r=1,8) = vy ée

+s % sin s (sin g e - COS 9 ée)
+o(sh (29)

which states that v > o for all ¢
except on 0 = o, IT, where it is zero.
Thus not only does this formalism
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predict that no particles collide
with the sphere, it is as if there
was a flow of particles framthe
sphere. Meanwhile, if one seeks a
perturbation solution to the con-
tinuity equation, it yields
% S cos 0 + Ofs 2)],
(30)
which in itself does not herald any
failure of the method.

If flowfields other than poten-
tial flow are used then, of course
different results are obtained. For
exanmple, in the case of Stokes flow
about a sphere, it is assumed that
V.V z0 (i.e., negligible fluid
inertia) and therefore we obtain

n=mn

o [1 -

-+ +> > > - -+
u =v, ul = -v ¢« Vv = 0 = UZ = l.l3

= L. (31)

Thus this formalism predicts that,
regardl ess of the Stokes numbers for
the particles, there would be no col -
lection of the particles since they
move exactly with the fluid for the
case of Stokes flow. On the other
hand, as will be seen later in

Part C, one does obtain particle col-
lection if Oseen flowis used but
certainly one nmust question this

net hod of solution if other flows,
particularly potential flow, yield
such unreasonable results

A qualitative illustration of the
behavi or of these solutions for dif-
ferent flowfields is shown in
Figure 5.

Actually there are other reasons
why we should not have expected the
above regul ar perturbation analysis
to succeed, besides the possibility



"__,.-—-o [uf - Ug

,/ S— @
4
4
-
-

a OSEEN FLOW
”
u=Vv T - > STOKES FLOW
* POTENTIAL FLOW

A »
(4 —>

STOKES NUMBER, s

Neg 740722-7

FIGURE 5. A Qualitative Indication
of the Behavior of the Small Stokes
Number, Regul ar-Perturbation Sol u-
tions for Various Flow Fields.

of an essential singularity at

St okes number equal zero. Nanely,
for s+o, the order of the governing
differential equation is reduced.

In particular, to [ owest order in s,
the differential equation becomes an
al gebraic equation. The loss of the
hi ghest order derivative in the | ow
est order equation is a classic
war ni ng that regular perturbation
techniques will fail (e.g., Van Dyke,
Col e, Nayfeh). (40,41,42)

2. Large Stokes Nunbers

In spite of the above problens as
s+o, We mght hope for nore success
with regular perturbation nethods at
| arge Stokes numbers since there is
no hint of an essential singularity
as s> nor do we |ose the highest
derivative in the | owest order equa-
tion. In fact, though, as we shall
see, regular perturbation methods
also fail at large Stokes numbers,
al though the failure is not nearly
so obvious as was seen above. W
take the time to denpnstrate this
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both because of its intrinsic in-
terest in perturbation theory and
because nmost of the results will be
useful later.

For conveni ence we |abel the
reci procal of the Stokes number as
azl/s and in this subsection we are
considering the limt s»e or o»o.
Al'so, certain of the integrals to
appear later are somewhat sinplified
(i .e., fewer negative signs appear)
if we reverse the coordinate system
fromthat used in the previous sec-
tion. See Figure 6.

W now seek a perturbation sol u-
tion to

Uevad =0 (V-0 (32)
of the form

U (r,o) ~ 30 (ft) + o 31 ()

+ 02 ﬁz (?) + ., 0>O0. (33)
Substituting (33) into (32

series of equations

gives the

0 - -
o} u, Vuo o (34)
1 —>.v +—> g - >
o] uy u, ug u; = A uO
(35)
2 > > ->
o u2 Vuo + uy Vul
-> ->
+ U+ Vu, = -ug, etc. (36)

The solution to (34) subject to the

boundary condition ﬁo = -k, zoo s
sinply

&> A

u, = -k. (37)

Notice that there is only one
boundary condition on the equations,
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FIGURE 6. Notation Used in Section
V-2 and V(Part B, Only. Other-
Wi se Uo is chosen in the positive
z-direction.

i.e., at infinity, which is all that
can be forced on a first order equa-
tion. In a sense it is as if the ob-
stacle were not present as far as
the particle velocity field is con-
cerned.
tinguish two disjoint boundary condi-
tions on the particle density field:
for those particle lines which energe
frominfinity, n = h%, a constant,
and for those particle lines which
"emerge" fromthe obstacle (e.g., on
the downstream side of the obstacle)
n = o.

Substituting the solution (37) in-
to(35) yields for the first order
perturbation

-k - V4, =V + k. (38)

For exanple, for potential flow about

a sphere, the solution to (38 which
vani shes at infinity is
- -> (Eﬁ €
_ +
u, = £ EFZ (39)

On the other hand we can dis-
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wher e %1 (& is an arbitrary function
of the radial distanceg(read "pi')
fromthe axis of symetry. El (@)
must vani sh as &+~ but ot herwi se no
information is available to specify
it.

For the nonent, if we ignore this
difficulty caused by f, and substi-

tute (39) and (37) into (36), then to
find G, we nust solve

3, . .

S TG A S B BN

From (40), to avoid an obvious in-
finity in 4, as z»~, we nust take
%1 (®) = 0. Then the solution to
(40) which vanishes at infinity is
found to be

2

U= f, @ « (-%?+814) k
r
- 1 34 1
+[m+g(§o -y sin e
- Lsinso)] tm (41)

wher e fz (®) is another. arbitrary
function of &.

This result needs cl oser scrutiny.
It can be seen by expanding the term
in parenthesis ( ) in(41) that in
fact there is not a singularity as
@0, z > o. However as&-+o, z < 0,
the first termin the&conmponent of
G, tends to infinity as@ ', This
singularity can be renoved through an
appropriatg choi ce of ?2| But if any
val ue for £, is chosen other than
zero, then just as above, there would
be a singularity of the formzf, in
Uy as z»= which cannot be eILniﬁated
by an appropriate choice of £4. On

the other hand, though, we ni ght
rationalize that this singularity on
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t he downstream axis can be tolerated
since the particle density vanishes
there. Thus perhaps we can justify
t aki ng %3 = 0.

But major problems remain. Ob-
viously this procedure, whereby
hi gher order terms in the expansion
for the velocity field are obtained
by integrating |ower order terns,
will soon |ead to expressions con-
taining Rnr, r, r M r, etc. (see
the z-conponent of 4,). These sin-
gularities at infinity can neither
be tolerated nor elimnated by the
procedure. Thus we nust concl ude
that even in the case of |arge Stokes
nunbers, either u does not have a
uniformy valid asynptotic expansion
of the formassumed in (33)* and/or
this method of obtaining a solution
is inappropriate.

* Recently M chael and Norey (34)
sought a solution to the sane prob-
lem of the form(33) and proceeded to
obtain a solution to ternms 0 (s2).
However, they approxi mated the term
G * Vi by u, 84/9z [see their equa-
tions (3) and (4)]. Possibly it is
this approxi mation which renoves the
difficulties encountered above
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CONCLUDING REMARKS FOR PART A

In the above we have attenpted to
sol ve the pseudo-nmoment um equati on
for the particle field: < d - va
=V - U For tso (small particles)
this equation yields the obviously
correct solution 4 = V, and for 1+
(large particles) we obtained a =10
which also is obviously correct.

G ven the exact solution of a non-
linear equation at limting val ues

of a parameter, it is customary to use
this parameter as a device to obtain
a perturbation solution. Upon pro-
ceeding in the usual manner, though,
we have found that regular perturba-
tion techniques fail at both limts
of the perturbation paraneter. In
Parts B and C we shall explore the
two obvious possible reasons for
failure, i.e., that the correct sol u-
tion does not adnmit an expansion of
the proposed formor that the method

of solution is inappropriate

(0]
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ANALYTICAL INVESTIGATIONS OF INERTIAL DEPOSITION

OF SMALL AEROSOL PARTICLES FROM LAMINAR FLOWS

ONTO LARGE OBSTACLES

PART B - LARGE STOKES NUMBER SOLUTION BY THE METHOD

OF MATCHED ASYMPTOTIC EXPANSION

W. G.

Slinn

The reason for the failure of the regular perturbation tech-

niques used in Part Aisidentified.

The method of matched

asymptotic expansions i s applied to obtain the first order cor-
rection to the collection efficiency at large Stokes numbers.
Analytical continuation of the solution to a result valid for

all Stokes numbers i s discussed,

and it i s concluded that the

most productive procedure would be to gain information about the

emall Stokes number |imit.

INTRODUCTION

That it is the nethod of solution
used in Part A which is inappropriate
is strongly suggested if we re-
exanmi ne the original nonentum equa-
tion (AD)

T4 . Vu=v - u. (1)

Thi s equation possesses what has
become an even nore reliable indica-
tor of singular behavior than |oss

of the highest derivative in the

| owest order equation; namely it
possesses two characteristic length
scales, (the length U t and the
characteristic dinmension of the body,
a), and, further, the perturbation
parameter s = U t/a is the ratio of
these two characteristic length
scales. This is the same as arises
in the problem of viscous flow about
a sphere, where the two length scal es
are the viscous length v/Ug and the
body di nension, a, and the Reynol ds

This will be described in Part C.

number is their ratio. To solve this
probl em Proudman and pearson(*3) and
Kapl um and Lagerstron{44) i nvent ed
the nethod of natched asynptotic ex-
pansi ons (see Van Dyke, Cole, or
hbyfeh)(40’4l’42) and evidently

its application here is highly
appropriate.

The source of the problemwith
regul ar perturbation analysis, even
inthe limt s - «, is that for
| arge distances from the obstacle,
the gradient becomes so snall that
in

- va=o(V-uy (2)

the termu - va becones of the sane
order in o as the |owest order term
on the rhs. dCdearly this occurs at

di stances from the body of the order
of r/o. Alternatively one can see
this by taking the ratio of u, to uy
found in the previous section. For
the asynptotic series to be useful we

nmust have higher order ternms smaller
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than those of |ower order, yet we
have that the ratio of the second
order to first order terns is
(returning to dinensional quantities)
u 2

2 a\/r or
o "(?)(‘2) ke (3)

1

which is larger than unity if r »a/o.

To overcone this failure, we
follow the nowstandard anal ysis pro-
cedure and consider the two different
regions separately. 1In the "inner
region," near the obstacle the charac
teristic length scale is a(or the
fastest time scale of interest is
measured by the characteristic time
for changes in the fluid properties:
a/Ujy. In this region the nondimen-
sional equation is as above

(4)

On the other hand, far fromthe
obstacle, the fastest tinme scal e of
interest is the particle stopping
time t(or the characteristic length
is Ujt). In this regi on we nondi men-
sionalize distances with U t and then
the appropriate nondi nensi onal equa-
tionis
0.90=V-17 (5)
where capital letters are used just
to distinguish the variables in the
two regions. In both regions the
characteristic velocity is U  and in
(5 the overbar on Vreflects that
the coordinates are, for exanple,

(6)

where » is the dinensional |ength.
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The next step in the procedure is
to solve the relevant equations in
the two separate regions and then
mat ch their asynptotic expansions
into the adjacent regions, to al
orders in the perturbation parameter.
In our case, since we have only one
boundary condition and this is at
infinity in the outer region, then
this matching process provides us
with the boundary conditions for the
i nner sol ution.

FIRST ORDER SOLUTION FOR THE VELOCITY

FIELD BY THE METHOD OF MATCHED
ASYMPTOTIC EXPANSIONS

We now tackle the outer equation
We seek a solution to (5 of the
form

] (ﬁ,o) v ﬁo(ﬁ) + oﬁl(ﬁ)

s ot 0, @)+ .., 7)
whi ch may seem somewhat strange
since o does not appear explicitly
in(9. However it is present in
the nondi mensional i zation of ¥. For
exanple, for potential flow about a
sphere,

03
- (1 - =z | cos o 5
R R

3

+ G.+ 9—4 sine €. (8)
2R

Substituting (7) with (8 into (5

we obtain the ¢° equation

U, » 90, = -k -0, - (9)

The solution which satisfies the
boundary condition at infinity is
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ﬁo = -k (10)
If this result is used in the a1
equation, there results

%= -0 (11)
9Z 1 1°
The solution is
> Z
U =F (me (12)
where F’l (n) is an arbitrary function
of the off-axis distancen. To
satisfy the boundary condition 'ﬁl »0,
7 » =, we must set 'F’l = 0 which leaves

us in this method with no arbitrary
function (compare this with the
trouble which appeared in Part A).
Continuing in this manner it is
easy to see that ﬁz = 0 and the first
nontrivial equation is for ﬁs

R = 3 nzZ s
'E—)—Z- U3 + U3 = —2— R—S 1
2 ~
+ Zg i)k (13)
R 2R
The formal solution for the i com-
ponent is
Z
ug = e [P )
Z , ’
_Z ,
-3 H,I. e az ] (14)
o ((R)

in which F3H50 and the integral is
over Z' at fixed off-axis distance,
.

As it stands the result (14) does
not appear to be of much value since
the integral can not be evaluated in
closed form. However it is grati-
fying that this form of solution sug-
gests that the logarithmic singulari-

.+
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ties seen earlier have been
successfully removed. Further we
are most interested in tﬁe solution
near the sphere, and, as was men-
tioned above, to obtain the inner
solution all we need is the asymp-
totic expansion of the outer solu-
tion into the inner region. To
obtain this asymptotic expansion we

first integrate (14) by--parts:*

} 11 1
Usy = {Ei' R(R+Z) ' R+ Z

NN

- __H__z__ + % 1n (Z+R)
4 (Z+R}

Z 2 )
+ ezj [% In (Z'+R") - __n_7___'_2_
o a(z +R")

e ? dz’} (15)
and then rewrite this result in
inner variables (R = or etc.)
3 U o sinf _ ¢“ _sine
30 = 2r2 2r(1l+cos8)
+ o° sine ) o% rsinze  _
2(1+cose) 8(1+cosB)?2
04 rsind
7} In v (1 + cos§)
+ (0" 1no) IHRE 4 o (65, (16)

This result is now used to match
with the outer expansion of the inner

solution.

* Some of these integrals caused the
author significant difficulty since
all the tabulated integrals the
author was able to find were not
finite asnm + 0. It is hoped that
the integrals used will be checked

independently by others interested in

this-problem.
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In a simlar manner one can obtain

1z 1 1
Usz =z 3w~ z1n R
R 1 1z f*?
+7-7Zln(Z+R)-7e
(z' 1n (z' +RY -R'Je 2 az an
which leads to
3 0Ccosh o] g
c~U = —— - 5= - 5 1nTr
3Z 2r2 2r 2
1 3 o4r
(1 + coso) - > (¥ 1n o) + >

- % 04 r cos6 In r (1 + cosé)

(04 In o) rcosd + 0(05]. (18)

o

The appearance of 1n ¢ terms in such
expansions is no longer a surprise

in perturbation analysis (cf. Van

Dyke) . (40 here they arise naturally
fromrepeated integrals of reciprocals
of the outer coordinates.

Actually it is illusionary to
think that (15) and (17) wll provide
matching to the inner solution to
terms o (05) si nce ﬁ4, ﬁs, etc. ,
can be expected to provide additiona
terns to these orders. This will be
exam ned imrediately. The reason so
many terns were displayed above is
partly to make them available for
ot her researchers and partly so that
the 1n o terns could be displayed.

If we now pursue higher order
terms in the outer solution, we soon
see that ﬁ4 =0 = ﬁs and the next
nontrivial equation is for ﬁﬁ
=

«vl, = -0

- > >
Ug * VUg + Ug 3 6 . (19)

(After this equation, we would

obtain equations for ﬁg, ﬁlz etc.
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which tells us that the origina
expansi on shoul d " obvi ousl y" have
been in powers of 03.) Since the

al gebra involved in solving (19) is
rather lengthy, there is significant
opportunity for error and we will not
quote our conplete result. However,
when ﬁ6 is expanded into the inner

region it contributes terns 0 (a 2)

and the leading terns are

o Ugy = S & (30 - sinze + lsinge)
o1 8 &4 \2 sin gsin

+ 0(c) (20)

0'6 U = 02 + 0 (0’3) (21)
62 8r4 :

We now turn to the inner region
We assume a solution of the form

G(T,0) »u (¥) + 0 U,(F) + o 32(¥)
+ ..., 00, (22)
Based on the results from the outer

solution, terms of the form o™ 1no
nmust be included in (22), for n > 3,

The ¢® termof (4 is then

30 £ VU =0 (23)
whi ch gives

U, = ¢. (24)

Mat ching (the asynptotic expansion
into the outer region of) this result
with the outer solution gives ¢ = -k.
The first order equation is then
LA (25)

whose sol uti on we have found earlier
[Equation (A-39)] to be
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>

U, =@ + - (26)
1 1 I
If this is matched with the outer
sol ution we nust have fl(en = 0.
Sinilarly G, becones
> 1 1 $ [ sin®
Uy ‘(' 7Tt 8r4> k o+ { Zr(1¥cos0)
1 3 . 1. .\ &
+ 8&& (76 - sin26 + g51n46/] ey (27)

where, for exanple, the first term
in theé&conponent nmatches with a
corresponding termin Usp and the
second, with a corresponding termin
Uy [see Equations (16) and (20) .
The concl usion reached fromthe
above is that apparently the method
of matched asynptotic expansion does
provide a satisfactory solution to
the problem at least for large o.
W can create a uniformy valid conpo-

site expansion via the usual procedure
> > > >

u. =0, +u; - (A)y (28)
(where the subscripts read: conposite

outer, inner, and outer expanded into
the inner region), but it is unneces-
sary to do this since this problem

is one of the rare (trivial!) cases
wher e (ﬁo)i = ﬁi and the outer
expansion is already a uniformy
valid solution.* Thus in summary we
have the uniformy valid solution

* Van Dyke (personal communi cation)
Points out this problemcould there-
ore be called not a singular pertur-
bation problem but a regular one, if
the right nondi nensionalization
(i.e., Ugt instead of & is used!
Perhaps this is caused because there
are boundary conditions only in one
region.
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c
]
(=2

ot '/; az* (V-0 exp[- (Z‘—Z)}

(29)

where Z = z/UOT, and, near the sphere
(29) has the asynptotic expansion

2r 8r

3 ] A J.sing _ 2 [sine
0(a™)]+ %5{05;7— o" |7 (T+cose)
1 (3 5 1.
- —= [58 - sin26 + —51n46)
= 20

+ 0(03)}.

In the case of two-di nensional
flow about a right circular cylinder
we can obtain in an anal ogous nmanner
the uniformy valid solution given
by (29) and the expansion near the
cylinder

(30)

= -k +
o}
where r is nondinmensionalized with
the radius of the cylinder. It is
interesting that here, as in the
probl em of viscous flow about a
cylinder, the log terms arise sooner
for the two-di nensional than for the
t hr ee-di mensi onal case.

=[=1"

8 - o20eg +o (a2l nu) (31)

Rilel

PARTICLE CONCENTRATION, THE COLLISION
EFFICIENCY AND COMPARISONS WITH OTHER
RESULTS

To obtain the particle concentra-

tion and ultimately the collision
efficiency, we nust first solve the

continuity equation

(32)
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Since this equation is homogeneous
inn, U, and the length scale, choice
of nondimensionalization is im-
material. For convenience, though,
outer variables are used and we seek
a perturbation solution to (32) of
the form

3

N(T,0) ~ No(ﬁ) + 0 Nl(i) oo,

0+0 (33)

and use the uniformly valid result
for 8:

U (0T ) + o U@ + ..,
g0 (34)
> o
where U,, U, etc. are as found above.
The lowest order equation is

T « 9N =0 (35)

which yields N, = constant which we
take to be unity (for n nondimension-
alized with the uniform upstream
particle density).*

The equation for N, is then

I >

k - VN3 =V . U3 (36)
or

oN al oU Us

azé _ 31 + a3Z + iﬂ. (37)

Using the results of the previous
section and the properties of asymp-

* The shadow effect will be examined

in Part C. |t can be discussed
here but it has no effect on the
collision efficiency.
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totic series that allow us to inte-
grate term by term (e.g., see Morse
and Feshbach) ,(45) we arrive at the
result that the leading term in the
density is 0(02) in the inner region.
Thus on the sphere,* r = 1,

nu_ = [1-0(c%)] [-cose + J]. (38)

Similarly for the cylinder problem we
obtain in the inner region**

zZ + I

n=1+oln ="+ 0(02). (39)

The singularity along the negative
z-axis in this result is of no con-
sequence because the above result is
valid only outside the shadow region.
To obtain an expression for the
collision efficiency, we first note
that i f the particle stream was un-
deflected by the obstacle then the
flux of particles to a sphere, i.e.,

* As might be expected, there is
significant opportunity for an
algebraic slip in these extensive
calculations. Because of this, we
shall work here only with first
order terms. However we record
our second order results for
comparison with possible future
calculations made by others

52 { 1y Igéf—s— [38 - Zesinze
sin~8

- Scosesine]}.

The author would be glad to pro-

vide more detailed results to those
who are interested.

*%* The author would appreciate it if

others would independently study
this case and come to their own
conclusions about the presence or
absence of the numerical factor in
the log term. The question arises
because of the unavailability of
tabulations of suitable integrals.
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/2 First we note that a series for
Fo= ;{ (nur/r_a) 2ma sine ade (40) the collision efficiency of the form
° say,
woul d be naZnOUO. If we now use (38)
for nu, in(40) and normalize the E=1-0%+o% -+
result by naZnOUO, we obtain for the
collision efficiency for the sphere, may nhot converge beyond some finite
the sinple result* smal | value for o, solely because of
sinple singularities in the conpl ex
E. =1 -0+ 0()). (41) a plane, in this case at o = i, and
a sinple analytic continuation, e.g.,
For potential flow about a right here, to
circular cylinder the simlar result
is E = 1 5
Il +a
E.=1-0(1+ 1n2) « 0(02). (42) may allow us to correctly nove past
this physically artificial bound
As with all results obtained via Thus in the case for the collision
perturbation anal yses, the above efficiency for a sphere we m ght make
| eave much to be desired. The results the (Euler) transformation of (42) to
should not be used for Stokes nunbers
(s = 1/0) smaller than about 10, but E =g 1 5 (43)
one is anxious to apply themto
smal l er values. To do this a nunber and for the cylinder,
of methods are currently being
devel oped using Euler transformations E =1 (i TTn2) o
(e. g., see Shanks or Van Eyke)(46’40)
or the Pade approximant nmethod (e.g., Now one hopes that these expressions
see Baker and Gammel, eds., 1970). (47) will be useful for all a values. In
In the following we shall explore particular we note that for small
nmet hods for extending our results so St okes numbers, (43) gives
that they are applicable to a large
range of Stokes numbers; in fact, E=s-s?+sd o+ L. (44)
nmost of Part Cis directed toward
this goal . But in our case we should be skep-
tical of the value of (43) for two
maei n reasons. First we have had
* Using the expression presented in hints that the exact solution may
gﬂlgaLL'fg {ﬂgtgﬂgfeagi Lg;g%aatlng have an essential singularity as s-o,
which u,. > o, we obtain the o? whereas we see that (43) is regular
coefficient: as s»o. Second, we have tried to
(1/16) [11 + 37m/2]. find a small solution of the form of
Hopeful ly others will check to see a pover series in s simlar to(44)

if this result is correct. but found that the series and/or the
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method failed. Therefore we propose
to reject (43) and for simlar reasons
reject a formfor E that was intro-
duced earlier (Slinn) (48) {o sinplify
some numnerical calculation. The
specific functional formchosen was
E =1 - exp(-s/k)
where k is a numerical constant.
Instead we | ook for an analytic
continuation of our perturbation
series which has an essential singu-
larity as s»o. Perhaps the sinplest
such function, for potential flow
about a sphere, is

BNWL-1850 PT3

which, incidentally, is the same
formas was suggested by Berg(49) .,
the basis of sem-empirical fit to

data. Simlarly, for potential flow
about a cylinder we try
E. = exp [-(1 + 1n2)/s]. (46)

These expressions are conpared with
numerical and experinental results in
Figure 7.

CONCLUDING REMARKS FOR PART B

As is seen in Figure 7, our assumed
results (45) and (46) are close to
both the nunerical and experi mental

E. = exp (-1/s) (45) results. OF course we could search
POTENTIAL FLOW
—
SPHERE:
- FONDA & HERNE (NUMERICAL)
L0 o WALTON & WOOLCOCK (1960)
| —— [ismansarg] !
= — [isnans+rnz] 2?
2 0= e [-14)
st
o 06—
5
htd L
g ¢ CYLINDER:
S 4 |- .
...... BXp [ﬂsﬂ]
o RANZ & WONG (1952)
02 —
B 7.
0 === s 1 IR BT L L1 ay
ol 1 10 100
STOKES NUMBER, s
Neg 740753-1
FIGURE 7. Conparisons of Equations (45) {48) with

Nunerical and Experinenta

Results for the Collection
Efficiency for a Sphere and Cylinder.

The results of

Fonda and Herne's cal cul ati ons were obtained from

Her ne. (50)
Reynol ds number

Wool cock, Ranz and Wng) . (51,

The therory is for the case of infinite

but, of course
52)

not the data (Walton and



for other functions which are even
closer to either. For example, we
also show in Figure 7 the expressions
for the collection efficiency for a
sphere

1

E=1[1- (s + 11/12) 7] (47)

which is regular as s+o and

e [ 3 (9] e
both of which vary as (1 - 1/s) for
large s. But one soon becomes dis-
couraged with this essentially curve-
fitting procedure. On the one hand
there is very significant scatter of
the data, and on the other hand
there are questions about the accu-
racy of the numerical calculations
[arising from starting the particle
with the full upstream velocity at a
finite distance from the sphere or
from approximating (YR by
uzaﬁ/az or simply from numerical
limitations, for example, if the
true solution is of the form
exp (-1/s)].

It is clear that to proceed rigor-
ously, then considerably more analy-

sis must be performed. To improve

BNWL-1850 PT3

upon the solutions we can either
seek more terms in the large Stokes
number perturbation solution or at-
tempt to gain some information about
the solution's small Stokes number
behavior. However, it appears that
there would be far too little return
on the significant investment of
effort needed to obtain higher order
terms in the large Stokes number
solution. Even if multiple terms
were obtained, it probably would be
extremely difficult to recognize the
analytic continuation. Instead we
have searched for some indication of
the small Stokes number hehavior of
the solution, and in fact (48) con-
tains one such feature, namely: it
is zero at the Taylor critical
Stokes number of 1/12. Our progress
in this very difficult search is
described in Part C. In addition, in
Part C we will partially remedy a
substantial deficiency in the above
analysis by seeking solutions at

other than infinite Reynolds numbers.
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REMOVAL AND RESUSPENSION PROCESSES

RESUSPENSION OF PARTICLES

Particles, once airborne and deposited, can again become airborne when wind stresses
are sufficiently high. Research in this area is undertaken to help establish the important
variables and their interrelationships. The ultimate use for data of this kind is to determine
the exposure to man from such secondary sources and to set permissible limits on ground
contamination. An important variable is the wind speed, but the interaction between the
primary particle of interest and the bulk soil particles is also very important. We are primarily
using areas contaminated inadvertently with radioisotopes from various processes, but have
also performed initial studies using a tracer placed on an instrumented plot of prairie-like
terrain. An important part of this work is to develop models which account for particles
resuspended and deposited. Diffusion and dispersion in the atmosphere, once particles are
resuspended, are important in diluting the airborne material; hence, this work interfaces
directly with diffusion studies. The physics of wind blown sand and fine particles is also
studied to determine the mechanisms of resuspension and transport. Studies on the nature
and release of radioactive particles in local Hanford project areas during fires are also
closely related to DBER supported programs.

® PARTICLE RESUSPENSION AND TRANSLOCATION
® ATLANTIC RICHFIELD HANFORD COMPANY
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RESUSPENSION OF TRACER PARTICLES BY WIND

G. A. Sehmel

A particle resuspension rate of 1.2 x 10~

and F. D.

Lloyd

10 fraction/sec

removed by wind stresses was determ ned for a submicrometer
inert molybdenum tracer deposited on a sandy soil surface

INTRODUCTION

W nd-caused particle resuspension
rates from environnental surfaces are
being determned using inert tracer
particles as a substitute for radio-
active particles such as plutonium
Cbviously the inert tracer is used
because placing plutoniumin the en-
vironment coul d develop into a poten-
tial hazard conparable to that being
sinul ated. Several advantages derive
fromusing inert tracers: deposited
tracers can be a known source in
terms of particle diameter, quantity
of tracers per unit area, and tinme
| apse frominitial deposition
Neverthel ess, in using inert tracers,
the tracer distribution nust simulate
both expected pl utoniun particle
sizes and attachment of plutoniumto
host soil particles

EXPERIMENT

The initial nolybdenum tracer re-
suspensi on experinent was designed to
(1) determ ne whether the nol ybdenum
woul d be resuspended in a neasurable
amount and (2) ascertain the tracer

distribution on the airborne soils.
These objectives were found satisfied
in an experinment schematically shown
in Figure 1. The tracer used was sub-
m croneter cal ci um nol ybdate particles.
Cal ci um nol ybdate particles were
initially prepared as a precipitate
in a water suspension by mxing solu-
tions of calciumchloride and sodium
mol ybdate. The precipitate was
washed several times to remve sol -
uble salts. The final precipitate
was stabilized with Dowfax 2A1®
anionic surfactant. Tracer suspen-
sion was initially sprayed on the
ground in a circle of 75-ft radius
around a sampling tower. The tracer
particle size, droplet size, and sus-
pensi on concentration were such that
each. dropl et contained many particles.
The average surface concentration of
tracer as el emental nol ybdenum was
58 mg/ftz.

Hi gh-vol ume, 20-cfm cascade*
i npactor-cow air sanpling systens(1,2)

® Dowfax 2A1 solution; Dow Chenica
Co. (active ingredient: disodium
4-dodecyl at ed oxydi benzenesul fonate) .
* Andersen 2000, Inc., Mdel 65-100
Hi gh-Vol une Sanpl er Head, P.Q Box
20769, Atlanta, Georgia 30320
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FIGURE 1. Tracer Source and Resuspen-
sion Sanpling Tower

were mounted at 1, 3, 6, 10, and 20-ft
tower heights to determine the resus-
pended tracers as a function of respi-
rable particle dianeters. Sanpling
was started on the sane day the tracer
was deposited and was continued pe-
riodically for 566 hr from QOctober 2
to Novenber 4. Sanplers were deacti-
vated during precipitation conditions.
Wnd speed charts at the resuspension
site have not yet been read. At the
50-ft level of the meteorol ogica

tower during resuspension the average
hourly wind speed was 6.4 nph; nmaxi-
mum hourly average was 16.5 nph; and
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the maxi num peak gust was 45 nph. At
the end of the experiment filters were
wei ghed to determine the mass of col-
lected material at each stage. After-
wards the filters were |eached to re-
move the nol ybdenum tracer and the

| each solutions analyzed by X-ray
fluorescence for nol ybdenum

CALCULATION

A tracer resuspension rate was
cal culated from a mass bal ance ex-
tending to the top sanpler. Although
the tracer plune concentration de-
creased fromthe | owest sanpler to
the hi ghest sanpler, the plume did
extend above the top sanpler. The
ef fects of plume noncontai nment were
di sregarded in the mass bal ance

Several assunptions were required
in the mass balance. |sokinetic sam
pling was assunmed even though the
sanpling flowrate of 20 cfm corre-
sponds to a wi nd speed of only 1.2
nph at the cowl inlet. To calculate
the airborne nol ybdenum flux at each
sanpl er height, fluxes were inte-
grated as a function of height to
obtain the total airborne tracer.
This total tracer was calculated for
a vertical area 6 in. wide (corre-
sponding to the cowl inlet dianeter)
and 20 ft high. Simlarly the tracer
ground source for calculating the re-
suspension rate was a 6-in. wide by
75-ft long tracer area

RESULTS
The resuspension rate was 1.2 x

10710 fraction removed/sec, Which is
less than the 5 x 107° to 6 x 107/



fraction removed/sec reported for
the resuspension of ZnS from an
asphalt surface. (3)

In comparison, the decreased re-
suspension rate of calcium molybdate
on soils is reasonable due to dif-
ferences in surface properties be-
tween soils and asphalt. The actual
resuspension rate for calcium molyb-
date should not be above an order of
magnitude greater than that reported
if wind speed corrections were made
rather than assuming isokinetic flow.

The molybdenum tracer distribu-
tion on airborne soil is similar to
fissile particle distribution on air-
borne soils at Rocky Flats. (4) In
Table 1 are shown the g Mo/g airborne
soil as a function of impactor stage
50% cut-off diameter and sampling ele-
vation. Even though the original
tracer was submicrometer in diameter,
the tracer has attached to all air-
borne host soil particles of all
diameters. As expected, the largest
tracer concentration on the airborne
soil was at the lowest sampling

height. At higher elevation an in-
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creasingly greater portion of the
airborne soil comes from outside the
tracer source area.

This experiment demonstrated that
the calcium molybdate produces a
reasonable simulant for the plutonium
airborne from contaminated soil at
Rocky Flats.
from the similarity between the dis-
tribution of the tracer among soil
particles of various sizes and that
of fissile material among like air-
borne particles. Tracer resuspension
rates are being measured to determine
the resuspension decrease with weath-
ering time and the resuspension rate
dependency upon wind speed.

This conclusion derives

TABLE 1. Molybdenum Airborne Distri-
bution on Soil (g Mo/g Soil) x 105
I mpactor State
Sampl i ng 50% Cutof f Diameter, um
El evation, Backup
ft 7 3.3 2.0 1.1 Filter
1 8.25 11.3 11.9 9.33 4.41
2.39 2.20 2.17 2.42 2.12
1.95 1.20 % 0.518 0.860
10 1. 64 * 0.211 4.75 3.08
20 0.598 0.753 2.32 0.272 0.170

*# M ssing Data
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RESUSPENSION BY WIND AT ROCKY FLATS

G. A. Sehmel and F. D.

Lloyd

A field experiment at Rocky Flats was conducted to initially
determine plutonium air concentration dependency upon wind speed
and sampling height and to determine the respirable particle size
distribution and subsequently to determine plutonium resuspension
rates from ground source samples concurrently collected by HASL.
Radioehemical plutonium analyses for filter samples are awaited

from pow at Rocky Flats.

Airborne soil size distributions indicate

that airborne concentrations of respirable soil particles increase
proportionately with the wind speed to the 4th to 6th power.

INTRODUCTION

This particle resuspension re-
search programis directed towards
devel oping a general nodel or nodels
for predicting particle resuspension
fromall environments such as arid
regions, forests, urban areas, etc.,
whi ch might in the future becone
resuspension sites of concern. Mich
of this research is conducted using
controlled inert tracers to sinulate
radioactive contani nants. (>} Never-
thel ess, it has been useful in nodel
devel opnent to use data from Rocky
Fl ats where actual contamination is
measur abl e above fallout |evels

In our nodel devel opment we have
been anal yzing the reported airborne

pl ut oni um concentrati ons and neteorol -

ogy at Rocky Flats. Initial resus-
pensi on nodel i ng efforts(®) based
upon the Health and Safety Labora-
tory's weekly data at sanpling sta-
tion S8 have denonstrated dependence
of airborne plutonium concentrations
on wi nd speed and direction. Mode
predictions indicate that during the

weekly sampling period fromJuly 1970

to January 1971 the average airborne
pl ut oni um concentrati on during each
hour increased with wind speed to the
2.1 power. Since that time (7 mechani -
cal activities such as ditch digging
have apparently altered source charac-
teristics, making existing data un-
suitable for extending that nodel
devel opnent. For nodel devel opnent
addi tional direct measurement of air-
borne plutonium concentration was
needed under conditions of controlled
mechani cal activities together with

wi nd data and observations of surface
conditions. It was also inportant to
determine the airborne plutoniumas a
function of airborne particle diame-
ter and as a function of sanpling

hei ght .

The objectives of this Rocky Flats
resuspensi on experinent were to deter-
m ne the vertical airborne plutonium
and soil concentrations and particle
size distributions of plutonium and
the associated soil at three sam
pling sites and to relate these nea-
surements to neteorol ogi cal condi-
tions and surface contamination



EXPERIMENTS

InaJuly 1973 field experinent
at Rocky Flats, vertical airborne
pl ut oni um concentrations and particle
size distributions were determ ned at
three sanpling sites. These sites
are schematically shown in Figure 2.
Particulate air samplers nounted on
towers were either high-volunme air
sanplers(s)(s in. by 10-in. filters)
sampling at 1.4 n3/min or were cas-
cade impactor-cowl(®) systens. (1,2)
The cascade systens had the sanpl er
inlet continuously directed into the
wind. Site A, along the eastern

security fence, enployed several high-

vol une cascade inmpactor-cow systens
mounted vertically on a utility pole.
Site AB was between the eastern secu-
rity fence and the cattle fence. At
this site, a 100-ft neteorol ogi ca
tower was erected and was instru-

EASTERN
ORIGINAL SECURITY
OlL FENCE
STORAGE
AREA

S e
8? . A%o
: 3 %0
/

Oo—
O~
\
AB - SITE
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mented at several heights with w nd
speed and wind direction sensors and
hi gh-vol ume cascade i npact or-cow
systems. Wnd speed instrunmentation
activated selected inpactor-cowm sys-
tems as a function of wind speed.

Pl ut oni um concentration and particle
size distribution were neasured as a
function of both height and wi nd
speed. Site B, near the cattle fence
used several high-volume cascade

i mpactor-cowl systems nounted on a
45-ft pole.

Sanplers at Site A were designed
to operate continuously during the
experiment and consisted of three sub-
sites. Sub-site A2 and A3 were |o-
cated on utility poles at indicated
spacings of 61 m and 30 m Since our
earlier analysis(6) suggest ed that
t he maxi mum ai rborne pl utoni um concen-
tration mght be Sto SWof any rou-
tine sanpling station, Stations A2

— 14

— 10
_D3

B - SITE

0.0 SAMPLING ELEVATION, m
0.0 DISTANCES BETWEEN SITES, m

SAMPLER OPERATION

/
A - SITES

o &4»o0

Neg 740044-9

FI GURE 2.
Locations

CONTINUOUS -ALL WINDS
4170 6.3 m/sec WINDS

OVER 6.3 misec WINDS

CASCADE IMPACTOR WITH COWLS,
057 m31min

CONTINUOUS HIGH VOLUME SAMPLER, 14 m31min

Schematic of Rocky Flats Resuspension Tower
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and especially A3 were located so as
to determ ne a maximum concentration
at a constant elevation above ground.

Air sanples were |located as a
function of height at Sites A, AB,
and B, to grossly estimate the total
ai rborne plutoniumflux at each site
and to determi ne the change in tota
flux with distance. At Sites A and
B these fluxes were to be determ ned
frominpactor systems operating con-
tinuously for all wind speeds. In
contrast the inpactor systems at Site
AB were activated as a function of
wind speed in an attenpt to determne
the increased airborne plutonium ac-
tivity with an increase in w nd speed
One inpactor system sanpled continu-
ously, the second for wind speeds be-
tween 4.1 and 6.3 m/sec at the 1-m
hei ght, and the third for w nd speeds
greater than 6.3 m/sec. These fina
sel ections of wind speed set points
were sel ected based upon wi nd experi -
enced while setting up equi pment and
al so based upon the July w nd speeds
recorded for previous years. The
4.1 m/sec corresponded (1) to the
initiation of surface creep for the
open ground at Site AB and (2) to a
wi nd speed of about 8 to 9 m/sec at
6.8 m el evation

For conparison to airborne activ-
ity at the three plant sites, a back-
ground sanmpling site was al so operated
continuously from 1540 on July 18 to
0600 on August 2. The site was
8 mles into the mountains in the Cold
Creek Valley at an elevation of 8100
ft. Elevations at Sites A, AB, and
B were about 5900 to 5950 ft. The
background sanmpler was a cascade im
pactor mounted on the roof of a house
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ina forest. The sanpler was about
20 ft above ground in a forest about
30 ft tall.

RESULTS AND DISCUSSION

Rai n Damaged Filters

There were two purposes in having
both 8 x 10-in. continuous high-vol ume
(1.4 n?/min) sanpl er and inpact or-cow
systenms at each sanpling height. Pri-
marily the 8 x 10-in. sanplers were to
be anal yzed to ascertain the presence
of sufficient airborne plutonium on
each inpactor stage for radiochem ca
anal ytical results above background.
The second purpose was to determ ne
the decreased apparent airborne plu-
toni um concentration or anisokinetic

sampling error caused by the 8 x 10-in.

sanplers being rigidly fixed and not
continuously facing into the w nd.

After the first few days of the
experinment heavy rains precluded the
compl etely successful acconplishment
of these purposes. A rainstorm on
Sunday July 15 severely abraded the
8 x 10-in. glass fiber filters in the
continuous hi gh-volume sanmplers. In
some cases only partial filters were
left while in all cases rain appeared
to have partially washed collected
material fromthe filters. This rain
damage precluded a conparison between
collection in the 8 x 10-in. sanplers
and undanaged i npactor-cow systenmns.
Subsequent |y adequate rain protectors
and new 8 x 10-in. filters were
installed

However, rain danage turned out to
be beneficial by forcing reassessnment

of the chemistry and inproved recovery.
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When filters were anal yzed for pluto-
ni um by Rocky Flats personnel, the
recovery of 236py tracer used in the
radi ochem cal anal yses was | ess than
10% The inproved radi ochenical tech-
nique will be used by Rocky Flats
personnel for analyzing all other fil-
ter sanples. Radiochenical anal yses
of these filters is only now begi nni ng.
Anal ytical results and airborne
concentrations fromthese rain damaged
filters are shown in Table 2. Count-
ing statistics show a wi de range of
uncertainty. Neverthel ess, average
ai rborne %3%u concentrations range
fromno detectable activity up to
8.5 fCi/mS. In general, airborne
activity decreases with both distance
and sanpling height. Since sanpling
tines at Sites A, AB, and B were only
10.5, 96, and 52.3 hr, these data are
interpreted to suggest that all suc-
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ceeding filters can be satisfactorily
anal yzed with the inproved radiochemi-
cal technique. The technique to be
used is total dissolution, foll owed
by chemi cal separation steps, electro-
deposi tion, and al pha spectroscopy.

W nd Speed Dependency

Sone fissile particle data and
ai rborne particle size distributions
have been obtained fromfilters col-
| ected by automatic sanpling as a
function of wind. speed at Site AB.
During the total tine period from
1900 July 7 to 1315 July 31, the con
ti nuous inpactor-cowl systens were
activated for 15.2 days; 13.5 hr for
4.1 to 6.3 m/sec winds; and 38.3 mn
for winds greater than 6.3 m/sec.
During the total tine period, sam
pl ers were deactivated between 1900

TABLE 2. Airborne PlutoniumConcentrations from Rain
Damaged 8 x 10-in. Air Sanpling Filters at Rocky Flats

Ending July 15, 1973
Sanpl i ng

Ai r bor ne 239Pu

El evati on, 239p4 DPM on Filter* Concentrati on, fCi/m3
m Site A Site AB Site B Site A Site AB Site B
30 NDA NDA
14 .17 = 140% 0.017
10 0.99 = 36% .27 £ 200% 0.054 0.027
5 0.1 + 88% 0.05
4 NDA NDA NDA NDA
2 0.27 £ 140% 0.015
1 NDA 0.3 + 200% NDA 0.03
0.3 17 £ 24% 2.1 = 54% .65 = 14% 8.5 0.11 0.065

NDA - No Detectable Activity
236pu Recovery was <10%




July 15 and 0830 the next morning
due to a power outage and between
July 21 and 24 because of predicted
poor weather. Rain fell on 12 days
during the experiment for a total
precipitation of 1.5 in.

Fissile Particles

A1l x 3-in.
was removed for sizing individual
The

section of each filter

particles of fissile material.

could be either
(10)

fissile material
239Pu 235U.

or For analysis
polycarbonate film was placed in con-

a
tact with a filter section and the
composite irradiated with neutrons.
After
etched to develop tracks from the

irradiation, the film was

fissions. The tracks were converted
to equivalent PuO2 particles with a

minimum detectable particle diameter

BNWL-1850 PT3

of 0.06 um. The maximum observed
particle diameter was 0.25 um.
This sizing technique measures
on the top surface of
particles which are
dirt.

probably do not satisfy

particles only
the filter and
not covered by Since some fis-
sile particles
these criteria, the reported total
fissile particles concentration may
be too low.

Airborne concentrations of fissile
material are shown in Table 3 as a
function of sampling elevation and
sampling collection by either total
high-volume filter collection or by
particle sizing with cascade impac-
tors. The impactor data are shown
(1) as a function of particle diame-
ter corresponding to the 50% cut-off
diameter for unit density spheres;
(2) as a function of total impactor

collection; and (3) as a function of

TABLE 3.

Particles of Fissile Material/m3 Air at
Rocky Flats During July 1973 (all

individual fissile

particles were <0.25 uym diam if Pqu)

Fissile Particles/m3

. Total Sanpl e Goncentrationas Function of Tnpactor GolTection Stage
| i ng Inpact or (50% Qutoff Dianeter, Lhit Density)
H evati on, Total s 7 m 33 m 2.0 mm I.T um Backup Fifter
m H-Vol All ~4-6 6% AT 46 o° Al 46 6° AT 46 o6+ _All —3-5 6+ AT 46 6"
30 1.76 3.34 1.589 0. 885 0. 402 6.329 0.137
11 1.3+ 0.771 0.624
10 2.17
4 2.63
3 4. 47 143 0.831 0.818 0.623 0.761
2 2.06
1.84 st 172 1.64 1.01 1. 40 5.36
0.3 1.92 59.5 1601 20.3 288 13.8 192 0.26 150 8.90 771 7.28 200
House in
Mount ai ns 1.28

+ I'nconpl ete Data

Al - Qontinuous Sanpling with I npactor-Cow System

4-6 - Ar Sanpling Between 4.1 to 6.3 m/sec Wnd with I npactor-Cow System
6* - Ar Sanpling Over 6.3 m/sec Wnd with Inpactor-Cow System

H -Vol - Conti nuous

the Qiginal Ql Storage Area

ling with a High-Volume A'r Sanpler Pointed into Wnds Goning Across
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wi nd speed during collection. The
termALL refers to continuous sam
pling; 4-6 for sanpling wi nd speeds
from4.1 to 6.3 m/sec; and 6+ for
sanpling wind speeds greater than
6.3 m/sec.

Fissile particles were collected
on each inpactor stage and all ob-
served particles were less than
0.25 um diam The anal ytical tech:
ni que used did not determine if
t hese subnicroneter fissile parti-
cles were attached to |arger host
particles.

Ai rborne concentrations ranged
from1 to 1601 particles/m°. The
[ ower values from1.0 to 4.47 par-
ticles/n correspond to tine averaged
concentrations for all w nd speeds.
As wind speed is increased, the con-
centration increases to 5 to 59.5
particles/m3 for wind speeds from
4.1 to 6.3 m/sec and to 1601 parti-
cles/n? for wind speeds greater than
6.3 m/sec. Based upon data received,
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the concentrations appear to show
only minor changes with sanpling

el evation. The nost significant re-
sult is that airborne concentration
increases rapidly with increases in
wi nd speed.

The concentration of 1.28 parti-
cles/n? deternined from the back-up
filter of the inpactor at the house
in the nountains is sinmlar in nagni-
tude to the concentrati ons shown for
the total sanples at Site AB. Since
only fallout plutoniumconcentrations
should be in the mountains, this sim-
larity in fissile particles/m3 nmust
indicate that most of the fissile
nmat eri al observed by the fission
track technique is crustal uranium
rather than plutonium Radi ochem ca
anal ysis of the filters for plutonium
shoul d identify the fissile material.
These anal yses are still in progress.

Fissile particles on each filter
have been nornalized to increased
filter weight during sampliné. In
Table 4, fissile particles/g airborne

TABLE 4. Particles of Fissile Material/g Airborne
Material at RockY Flats During July 1973 (al

i ndividual fissile particles were <0.25 um di am

if Pu0,)

(Fissile Particles/g Airborne Material) x 107°

Total Sanple ATborne Matertal Contam nation as a Function of Inpactor Collection State

Sanpl i ng npact or (50% CQutoff Dianeter, Unit Density)
El evation, Total s 7 um .3 um 2.0 pm 11 ym Backup FiTter
—m  H-Vol AT 4-6 6f Al 6-6 et Al 46 6r AT 4-6 & AT 4-6 6+ AT 46 &t

30 1.61 1.16 2.10 2.06 1.14 1.45 0.124

11 0.871 1.41

10 .25

4 1.41

3 1.70 1.88 2.98 1.85 0.726

2 1.06

1 0.922 1.62 3.77 2,32 3.38 1.93

03 0.722 1.65 3.20 2,78 3.11 2.12 1.94 1.28 1.54 1.17 8.54 0.976 2.12
House in
Mount ai ns 1.99

+ I'nconpl ete Data

Al - Continuous Sanpling Wth |npactor-Cowl System

4-6 - Air Sanpling Between 4.1 to 6.3 m/sec Wnd Wth | npactor-Cowl System

6+ - Air Sanpling Over 6.3 m/sec Wnd Wth I npactor-Cowl System

Hi -Vol - Continuous Sanpling Wth a High-Volume Air Sanpler Pointed Into Wnds Coni ng Across

the Original Q| Storage Area




materials are shown as a function of
wi nd speed, particle size, and sam
pling elevation in a manner simlar
to Table 3 for fissile particles/m3.
In this case the range is fromO0.7
to 3.2 x 10° particles/g at site AB.
In conparison, the concentration of
1.99 x 10° particles/g at the noun-
tain house is simlar and tends to
confirmthat the fission track tech-
nique is counting principally crusta
urani umrather than plutonium

Airborne Particle Size Distribution

Changes in airborne size distribu-
tions as a function of wind speed
were determned fromfilter weight
gains fromsite AB inpactor-cow sys
tems. These size distributions are
shown in Figure 3, based upon inpac-
tor 50%cut-off dianmeters of 0.78
1.4, 2.3, and 5.0 um, correspondi ng
to a particle density of 2 g/cm3.
This density is used since |arger
particles collected in the cows
attached to the inpactors were sized
as a function of sieve size rather
than aerodynami ¢ size. Also shown
are line A and line B which were
determined (*1) from tower sanpling
at Hanford. Size distributions from
i mpactor systems are simlar for
continuous sanpling at both Hanford
and Rocky Flats since the data approx-
imate line A Changes in size dis-
tributions as a function of height
are not readily apparent. |In fact,

a few data points overlapped and are
i ndi stinguishable in the graphica
representation.

Particle size distribution depen-
dency for low w nd speeds was esti -
mated by drawing lines with the sane
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FIGURE 3. Airborne Particle Size

Distributions at Rocky Flats During
July 1973

slope as line A through the data for
4.1 t0 6.3 m/sec wind speed sanpling
and a second line for greater than
6.3 m/sec wind speed sanpling.

Since these data appear to exhibit



approximately the same slope depen-
dency, these two lines were used to
adjust line A to predict the size
distribution for wind speeds less
than 4.1 m/sec. Sampling times at
each of the wind speed increments
were used to make the adjustment.
The calculated line for wind speeds
less than 4.1 m/sec is significantly
lower than the all-wind line.

The size distribution function
increases rapidly with an increase
in wind speed. However, assumptions
must be made to determine the depen-
dency. Arbitrary but realistic
assumptions. are that the high winds
were between 6.3 and 11 m/sec and
that the calculated line is for wind
speeds between 2 and 4.1 m/sec.

Based upon these assumptions, the
particle size distribution increases
approximately as the 4 to 6 power of
wind speed. Direct measurements with
optical particle counters are planned
to more adequately quantify this wind
speed dependency.

Size distributions for particle
diameters greater than respirable
are also shown in Figure 3. These
data were calculated using particles
collected in self-orientating wind
direction-sensitive cowls attached
to the impactors. Particles were
removed from the cowls and sized
Data are plotted at
Concentrations were

using sieves.
the sieve sizes.
calculated assuming isokinetic sam-
pling. For the 0.3-m height, the
distribution is largest and may be
partially attributed to dirt col-
lected by rain splash. For higher
elevations, the data approximate
line B, which was determined for con-
tinuous sampling at Hanford.
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Plutonium Concentration Prediction

Calculation of airborne plutonium
concentrations as a function of wind
speed and particle diameter will be
completed when radiochemical analyses
are received. Nevertheless, the
size distribution data can be used
as a basis of speculation. |If the
plutonium were uniformly distributed
on all host soil particle diameters,
plutonium resuspension rates would
also increase as the 4 to 6th power
of wind speed. However, if pluto-
nium, while on the soil, is in the
fine sand (>50 um diam) and silt (2
to 50 um diam) rather than the clay
fraction (<2 um diam), overall plu-
tonium resuspension rates for all
particle diameters would not increase
so rapidly as do the respirable sized
particles as a function of wind
speed.

Results from this study will be
used to determine resuspension rates
from published data and HASL's con-
current experiment for determining
ground concentrations and size dis-
tributions of plutonium.(lz) M ost
of the analysis will depend upon the
plutonium radiochemical analyses
which are in process.
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RESUSPENSION SOURCE CHANGE AT ROCKY FLATS

G. A. Sehrnel and M. M.

Orgill

The plutonium resuspension model developed for sampling sta-
tion S-8 was used to predict resuspension for the time period

following the model data base time period.

Observed airborne

plutonium concentrations being greater than predicted i s attributed
to changes i n source characteristics caused by soil disturbance.

INTRODUCTION

Wind stresses are resuspending
plutonium at Rocky Flats and are pro-
ducing local airborne plutonium con-
centrations which are above fallout
levels but below MPCalir concentra-
tions. Despite low activity levels
and smoothing of variability in air-
borne concentrations caused by sam-
pling over relatively long time
periods, the reported weekly data at
sampling station S-8 were useful in
defining some dependency of plutonium
resuspension on meteorological
parameters.

Previously in developing the
model, (13) the total plutonium col-
lected on a filter was determined to
be a function of time duration at
each wind speed during the sampling
period. The model was developed so
that the airborne plutonium concen-
tration caused by each hour of wind
could be predicted and the effect of
all hours summed in order to predict
the total filter collection during
the filter sampling time.

The model predicts that at station
S-8 near the original oil storage
area during July 1970 to January 1971

the total activity in each hourly
time period was

£fCi/m® = FO + 0.3 + 0.45 (mph)“"*,

in which FO is the plutonium fallout
activity in fCi/m3 during the time
period and the constant 0.3 fCi/m3
is the plutonium activity which can-
not be attributed to W and SV winds.
Fallout and local activity concentra-
tions were usually insignificant com-
pared to contributions from high
wind speeds. The model predicts
that hourly average concentrations
can be much higher than weekly aver-
age concentrations.

SOURCE CHANGE

The model was used to predict plu-
tonium collection on station S-8 fil-
ters for the succeeding time period
from February 1971 to November 1972.
In this time period filter samples
were analyzed on a monthly rather
Predicted and
measured total plutonium collections

than weekly basis.

on each filter are shown in Figure 4
along with concentrations, tempera-

ture, and precipitation. Reasonable
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FIGURE 4. Airborne Plutonium at Sampling Station S-8

agreement in total collection is west of sampling station S-8. This
shown for the July 1970 to January time period corresponds to the time
1971 weekly data, but agreement is period within which airborne activ-
not shown for the March 1971 to ity increased significantly. Unfor-
November 1972 monthly collection. tunately there is no data for March 1,
The data are plotted at the end of 1971. Nevertheless, we conclude that
each sampling period. digging the ditch and disturbing the
Measured plutonium collection is soil surface resulted in a more
much greater than the model predicted. readily resuspended source of pluto-
This increased airborne activity is nium. A similar increased resuspen-
explained on the basis of vehicular sion appears to have occurred during
and construction activity disturbing June 1970 when a vegetation program
the weathered plutonium source. In was begun to limit resuspension.
mid-March 1971 a ditch was dug east The monthly total plutonium collec-

of the original oil storage area and tion was relatively high compared to



the decreased collection in the suc-
ceeding weeks. Based upon these two
instances, the conclusion is that
any soil surface disturbance will
increase the subsequent plutonium
resuspension rates.

Resuspension rates after soil
disturbance appear to be a function
of the type of soil disturbance.
Subsequent to the June 1970 vegeta-
tion program, the increased vegeta-
tion cover appears to have rapidly
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decreased the availability for plu-
tonium resuspension. In contrast,
ditch digging significantly increased
the availability of plutonium for
resuspension. In this latter case
the average weathering half-life for
decreasing airborne concentration
from April 1971 to October 1972 is
about 9 months (based upon concentra-
tion decrease and disregarding wind
variations).

RESUSPENSION OF DUST

M. M. Orgill, G. A.

Sehmel

and T. J. Bander

Particle wind resuspension i s important in planning and opera-

tion in the nuclear power industry.

standing of the frequency,

mining,

from hourly meteorological observations,
of dusty periods throughout the country.

To obtain a better under-

duration and occurrence of wind
resuspension (dusty) periods on a regional

scale, we are deter-
the frequency
Dust storm criteria

are being initially defined and tested for this study using the
hourly weather observations from the Hanford Area.

INTRODUCTION

Future nuclear power reactors,
chemical separation and fuel enrich-
ment plants may be located in a num-
ber of different climatic regions
radioac-
tive materials may be possible.

where wind resuspension of
These
could be urban, forested, agricul-
tural, desert and range-land sites.
For planning and operation, it is im-
portant to know the frequency, dura-
tion and intensity of wind resuspen-
sion periods for these new sites, as

well as for existing operational
sites. In addition, we are now exam-
ining wind resuspension information
valuable for designing experiments
and studying the physical mechanisms
for resuspension in nonarid regions.
Consequently the purpose of this
study is to determine from literature
and meteorological data the natural
wind-caused airborne dust loadings
over the country.

There are two principal methods
for examining existing data which can
be used to determine regional wind
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resuspension. The first requires
exam nation of actual airborne
particul ate-concentration data from
national and local air pollution sam-
pling stations during wnd resuspen-
sion periods. The second utilizes
the National \eather Service report-

i ng observations of dust and visibil-
ity to infer the approxi mte frequency
and dust |oadings for resuspension
peri ods.

METHOD

Hagen and woodr uf f (14 have used
the second nethod for studying the
frequency and particulate concentra-
tions of dust storms for the Geat
Plains region. Particulate concentra-
tions were estimated by using the
hourly visibility observations and an
experimental relationship between ob-
served dust concentration at 6 ft

above the surface and observed visibil-

ity. The relationship is

6 = TTirs me/m’l, (1)

C
where V is horizontal visibility in
km Anearly identical theoretica
visibility-concentration relationship
can be derived by assunming (1) air-
borne particles of uniformsize, (2
constant scattering-area coefficient,
and (3) wvisibility extinction is

caused only by scattering. In this
case,
C = 56'2 [mg/m>] . (2)

Hagen and Woodruff estimted par-
ticulate concentrations by using hourly
visibility observations and equation

BNW.- 1850 PT3

(1. One serious limtation of this
method is that visibility restrictions
such as dust are not reported on
hourly observations when the visibil-
ity is 7 mles or greater. In this
case Hagen and Wbodruff assumed that
dust was the visibility restriction
on days when the visibility ranged
from7 to 9 mles and the wind speed
exceeded 5.4 ms™! (12 nph) .

The visibility nethod was sel ected
for initial regional exam nation of
dusty periods for two reasons: (1)
the Kansas agricultural research
group had shown that the visibility
met hod coul d be used to define dusty
periods, and (2 exam nation of par-
ticulate sanpling data fromsevera
stations throughout the country
woul d be a very large task to com
plete in a relatively short tinme.
Therefore hourly weather observations
for each day that dust or blow ng
dust was reported will be obtained
fromthe National Climatic Center for
24-hr weat her stations in the country
and will be analyzed. GCenerally, a
10 to 15-year period will be used in
this study.

HANFORD ANALYSIS

To establish initial criteria for
defining a wi nd resuspension period
or duststorm the 24-hr weather data
for Hanford are being anal yzed on a
test basis for 17 years (1953-1970).
Di fferent combinations of visibility,
wi nd speed and relative hunmidity have
been investigated to define the opti-
mumcriteria for a dust storm Unfor-
tunately the range of criteria availa-
ble for study is linmted because of



the inherent limitations of the

hourly weather observations. Never-

theless, the following criteria ap-
pear to give the best definition of

a wind resuspension or dust storm

period based on the Hanford data.

These are:

1. Visibility less than 7 miles and
dust, blowing dust or sand
reported.

2. Visibility 7 to 14 miles, wind
speed greater than 5.8 ms'l
(13 mph) and relative humidity
less than 70%. Dust is assumed.
To assure that all relevant ob-

servations associated with a dusty

period were not missed, certain addi-
tional criteria were established to
include beginnings and endings of
storms. These other limiting cri-
teria were also necessary to exclude
unwanted observations associated
with smoke, fog and precipitation.

A preliminary error analysis of the

Hanford data showed that the calcu-

lated frequency of dusty periods

based on these criteria may be 2 to
3%too high because of a few non-
dusty time periods meeting the above
criteria.

During the Hanford data analysis
it was apparent that a significant
number of hours would meet the wind
speed and relative humidity criteria
but that the visibility would be
15 miles or greater. In such situa-
tions dust could be present (as indi-
cated in the Remarks column of the
hourly weather observations) or not
present, depending upon other fac-
tors such as state of ground and
precipitation.
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Since the potential for wind resus-
pension is still present under such
conditions, these events should be
taken into account. We are presently
analyzing these data for Hanford to
ascertain the best way to incorpo-
rate this type of observation into
the regional study. In addition,
analysis of these datawill also
assist in obtaining a better under-
standing of the physical mechanisms
and meteorological history of local
wind resuspension.

RESULTS

Results of this study to date are
based on the Hanford data. Table 5
presents a summary of some of the
dust parameters for the total period
of 1953-1970.

TABLE 5. Frequency of Wind Resuspen-
sion Periods by Hanford (1953-1970)

Total Dust Hours . . . . . . . . 476
Total Dust Days. . . . . . . . . 142
Number of Dust Storms. . 150
Average Dust Hr/Yr. . 26.4
Average Dust Days/Yr . 7.9
Average Dust Storms per Year . 8.3
Range in Duration of Dust Storms (hr) . 1-16
Average Duration of Dust Storms (hr). . 3.2

Hours of dust occurrence, average
visibility, and estimated average
dust concentration (Eq. 1) as a
function of wind direction and speed
are presented in Tables 6, 7 and 8.

Tentative conclusions based on
these results are:

1. The distribution of hours of
occurrence of dust was bimodal
with the highest number of hours
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TABLE 6. Hours Satisfying Dust Storm Criteria at Hanford
1953-1970

HOURS WITH (1) VISIBILITY <7 MILE AND DUST REPORTED OR (2) VISIBILITY
770 14 MILES. WINDSPEED>5.8 MISEC; RH< 70% DUST ASSUMED

WIND WIND SPEED CLASS$ (MPH) TOTAL

DIRECTION | 13 |47 | 812 | 3-18 | 19-24 | 2531 | 32-33 | 3946 | 4754 |55-63 | 64-UP_| HOURS
SE o |o 0 0 0 0 0 0 0 0 0 0
SSE o | o 0 1 1 1 0 0 0 0 0 3
s o |o 1 3 1 3 3 0 0 0 0 1
Ssw o |o 0 4 3 n 3 2 0 0 0 3
sw o | o 1 3 B 2% % 6 0 1 0 !
wsw o |o 1 7 7 39 3 4 0 0 0 81
w 0|1 1 3 5 7 1 0 0 0 0 18
WNW 0| o 5 5 6 1 1 0 0 0 2
NW 0| 1 6 4 3 5 2 0 0 0 0 21
NNW o | 2 8 6 2 0 0 0 0 0 0 18
N 0 |1 | 2 % 10 1 0 0 0 0 0 58
NNE 0o | 1 3 31 P 7 1 0 0 0 0 6
NE 0| 2 3 19 5 5 0 0 0 0 0 4
ENE oo 0 3 6 0 0 0 0 0 0 9
E 0o 1 6 2 1 0 0 0 0 0 10
ESE 0o | 1 0 0 0 0 0 0 0 0 0 1
l_TlgLARLS 0 9 4 129 12 10 &0 13 0 1 0 476

Neg 740679-6

TABLE 7. Visibility Dependency on Wind Speed and
Direction at Hanford, 1953-1970

AVERAGE VISIBILITY, MILES
WIND WIND SPEED CLASS (MPH) OVERALL
DIRECTION { 1-3 | 4-7 812 | 13-18 | 19-24 | 25-31 | 32-38 | 39-46 | 47-54 | 55-63 |64-UP | AVERAGE
SE .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
SSE .00 .00 .00 70 12.00 1300 .00 .00 .00 .00 .00 1067
S .00 .00 | 300 1067 12,00 700 6.92 .00 .00 .00 .00 807
SSW .00 .00 .00 85 10.67 9.09 7.08 500 .00 M .00 8.09
SwW .00 .00 | 700 75 940 888 5.79 450 .00 .06 .00 732
WSw .00 .00 | 1000 1029 8.04 751 6.05 4.06 .00 .00 749
W .00 |1000 |1000 1033 820 5.64 1.00 .00 : .00 .00 769
WNW .00 .00 | 660 840 1027 1017 6.00 5.00 .00 .00 .00 897
NW .00 6.00 | 967 900 1133 960 850 .00 .00 .00 .00 948
NNW Ml 900 | 825 917 450 .00 .00 .00 .00 .00 .00 822
N .00 600 758 794 510 200 .00 .00 .00 .00 .00 124
NNE .00 (1000 | 600 795 691 573 300 .00 .00 .00 .00 72
NE .00 500 | 683 917 27 780 .00 .00 .00 .00 .00 79
ENE .00 .00 .00 800 883 .00 .00 .00 .00 .00 .00 8.56
E .00 .00 | 600 933 700 700 .00 M .00 .00 .00 8.30
ESE .00 7.00 .00 .00 .00 .00 .00 00 00 00 00 700
OVERALL .00 44 768 853 802 1.96 625 448 .00 06 .00 o
LAVERAGE.
.00 NO DATA

Neg 740679-5
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TABLE 8. Dust Concentration Dependency on Wind Speed
and Direction at Hanford, 1953-1970
PREDICTED CONCENTRATION FROM VISIBILITY, mg/m’
WIND WIND SPEED CLASS (MPH OVERALL
DIRECTION [1-3 | 4-7 18-12 | 13-18 | 19-24 | 25-31 | 32-38 | 39-46 [47-54 | 55-63 [ 64-UP | AVERAGE
SE .00 | 00 .00 [ .00 .00 00 .00 .00 | .00 .00 | .00 .00
SSE 00 | 00| .00 | 271 | 138 125 .00 .00 | .00 .00 | .00 1.78
S 00 | 0O |78 | 162 | 138 570 | 1592 .00 | .00 .00 | .00 (A4
Ssw 00 | 00| .00 | 248 | 162 200 | 38 | 413 |.00 .0 | .00 2%
Sw .00 | 00 |271 | 634 | 354 a5 | e | 1er | .00 |ossa™ | o0 | 1040
wsw  |.00 | .00 |174 | 181 | 49 413 | 1295 | 4831 | .00 .00 | .00 7.61
w00 |17 174 |1 . | 289 537 | 271 00 | .00 00 | .00 3.4
WNW (.00 | 0O [349 |26 | 177 199 | 329 | 413 | .00 .00 | .00 2.39
NW .00 329 |188 | 258 | 150 198 | 223 0 | .00 o | .00 2.08
NNW .00 [ 202 |2m | 258 | 480 .00 .00 .00 | .00 00 | .00 27
N .00 [329 |22 |[350 | 506 | 1299 .00 00 | .00 .00 | .00 381
NNE .00 | 174 (338 | 341 | 608 ™ 783 00 | .00 00 | .00 41
NE .00 [438 |4.60 | 338 | 454 2.81 .00 00 | .00 .00 | .00 3.8
ENE .00 | .00 | .00 | 305 | 219 .00 .00 00 | .00 .00 | .00 2.48
E .00 [ .00 |329 | 24 | 3.60 21 .00 00 | .00 .00 | .00 2.78
ESE .00 271 | .00 | .00 .00 .00 .00 .00 | .0 00 | .00 2n
OVERALL | o0 284 300 315  4i5 371 857 22 .00 98388 .00 677
[AVERAGE
.00 NO DATA
% VISIBILITY 0 TO 1116 MILE DUE TO ONE-HOUR DUSTSTORM
Nee 740679-4

distributed between the southwest
and north sectors. The dust
source in the southwest sector
evidently requires a higher wind
speed threshold than the north
sector (Table 6). Dust from the
north sector originates, for the
most part, offsite and occurs
with lighter winds.

Average dust storm visibility

was 8 miles but decreased to

7 miles with southwesterly and
northerly winds. Generally,
average visibility decreased with
increasing wind speed (Table 7).
Average dust concentration during
dusty periods was approximately
7 mg/ms. Average dust concentra-
tion, during periods of southwest

winds above 30 mph, exceeded the

overall average from 2 to 100

times (Table 8).

These results appear to give a
fairly accurate tabulation of sig-
nificant wind resuspension periods
for the Hanford area when compared
with other local climatological
records. (15) A separate report will
consider the details of the Hanford
analysis.

In the future we will
the National Climatic Center hourly
weather observations of wind resus-
pension periods for several weather
stations in the State of Washington.
This will provide an opportunity to
analyze the frequency of dusty pe-
riods for more than one station in

obtain from



our local area before proceeding to
analyze observations from weather
stations in other regions of the

country. Once the overall analysis
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is completed, maps of wind resus-
pension frequency, duration, and
dust concentration, etc., be
prepared for the whole country.

will

IMPACTOR

G. A.

Sehmel

Commercially available 20-¢fm cascade impactors were evalu-

ated under field sampling conditions for

caused by interstage losses.

INTRODUCTION

Accurate sampling is vital in
determining airborne particulate con-
centrations, airborne particulate
size distributions, and particulate
pollution composition by subsequent
chemical analysis. An important ap-
plication of sampling is in field
studies of particle resuspension re-
search. In this research, wind sur-
face stresses cause soil particles
to become airborne. These are sub-
sequently sampled.

When the host soil particles are
contaminated by tracers such as
radioactive material, the overall
removal processes or particle resus-
pension rates need to be determined.
Resuspended particles can be in the
respirable size range (less than
about 3 um diam) or can be much
larger.
be determined through sampling air-

This potential hazard can

borne material without regard for
particle size with the assumption

particle sampling bias

Particles larger than respirable
are being deposited throughout the cascade impactor.

that all of the contaminant is asso-
ciated with the respirable size range.
This sampling procedure does give a
maximum airborne concentration and
consequently the most conservative
airborne concentration of radiologi-
However, sampling
is more realistic when airborne con-
centrations are determined as a func-
tion of particle diameter. In this
case, the potential inhalation haz-
ard is not only quantified, but in-
formation on the basic physics of
resuspension is also obtained regard-
ing larger particles. These physical
concepts are needed to develop gener-
alized models for predicting resus-
pension rates.

cal assessment.

EXPERIMENT

A sampler system was designed(1)
to separate particles into aero-
dynamic particle diameters in the
respirable size range and to simul-
taneously collect larger airborne



particles. Each particle impactor
system was assembled from a 20-cfm
Andersen 2000 Inc.* high-volume cas-
cade impactor and a rotating cowl
attached to the impactor. These
impactors separate particles into
nominal diameter ranges of 1.1, 2.0,
3.3, and >7 um which are stage 50%
cutoff diameters for unit density
spheres. For field resuspension
experiments these systems were
mounted on towers at heights up to
30 m at sites on the Hanford reserva-
tion and a site at the Rocky Flats
plant near Boulder, Colorado.

Air and particles entering an
impactor are shown schematically in
Figure 5. Air flows through the
multiple orifices in each support
plate. Due to the particle inertia
caused by each orifice air jet, suc-
cessively smaller particles are im-
pacted on the fiberglass filter col-
These
collectors are perforated to match
the orifice pattern of the succeeding
stage. Particles are collected not
only at each desired site on the four

lectors on each support plate.

BACKUP FILTER

INTERSTAGE LOSS

INLET PARTICLE LADEN AIR

Neg 740044-2

FHGURE 5.
Section

l :}\cwcnon SITE
ey

Orifice Plate Cascade Impactor,
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perforated collectors and back-up
filter but also are deposited on the
support plate, as is shown by the
interstage loss.

For determining interstage losses,
each stage collector support plate
was brushed to remove most adhering
dirt particles. This dirt was col-
lected and weighed to determine the
interstage loss for each stage.

Size distributions of the inter-
stage loss particles were determined
from twenty impactors used at the
Rocky Flats site. Particles were
brushed from the impactor surface
and combined for each stage. Subse-
quently these combined particles
were sieved through a series of 210,
177, 149, 125, 105, 86, 74, 63, 53,
37, 20, and 10-um sieves and then
weighed. Sieving was done with
an Allen Bradley Co., Model L3P
sonic sifter.**

* Andersen 2000, Inc., Model 65-100
Hi-Volume Sampling Head, P.O. Box
20769, AMF, Atlanta, Georgia 30320.

** Allen Bradley Co., Model L3P Sonic
Sifter, Milwaukee, Wisconsin,

PERFORATED

COLLECTOR ~ ORIFICE  NUMBER
114 IN. GASKET 508 CUTOFF DIAMETER,  OF
IAROUND EDGE) DIAMETER IN. ORIFICES

Q138—300
L1 um
0.042 2%
2.0 um
061——300
3.3 um o
0.085 296

0.138 300

Partial



WALL LOSS/STAGE COLIECTION
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DATA ANALYSIS AND CONCLUSIONS

Interstage loss on each support
plate was normalized to the weight
on the stage collector making up the
downstream surface of the interstage
That the
each two support plates was divided
by the weight found on the perforated
collector of that stage.

cavity. is, |loss between

Similarly
loss is also reported for the support
plate immediately upstream of the

8 x 10-inch back-up filter.

Normalized Interstage Losses

Interstage losses were determined
at two Hanford sampling sites and
In
losses are shown as a func-
tion of the ng of dirt collected on
each stage.

one Rocky Flats sampling site.
Figure 6,

The different symbols
indicate impactor 50%cut-off diame-
ters for unit density spheres. These
data confirm that there is no appar-

ent relationship between interstage
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HGURE 6. Impactor Interstage Losses
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loss and stage loading. These data
show that for other than dust storm
conditions, soil particle interstage
1osses(l) can be expected to be from
about 1 to 20%. These soil

stage losses are greater than the

inter-

10%or less interstage losses re-
ported(l6) for 1-um diam particles.
Interstage losses can be expected to
depend on particie diameter.

Interstage Loss Particle Size Distri-
butions

Interstage soil loss particle size
distributions were determined for the
combined weight loss for twenty im-
Each

sample collected from between two

pactors used at Rocky Flats.

adjacent stages was sized by sieving.
Size distributions are shown in Fig-
The
average particle size in the inter-
stage loss at each stage is much

ure 7 for each impactor stage.

greater than the physical design

should permit to appear at that
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FIGURE 7. Size Distributions for
Interstage Loss Particles



stage. The average particle diameter
for the first stage is about 40 pm
while the average particle size for
interstage losses adjacent to the
The
brushing techniques used to remove
interstage loss particles from sup-
port plates might have preferentially
removed larger particles for subse-
quent size analysis.

back-up filter is about 90 um.

Nevertheless,
large particles should not penetrate
so deeply through the impactor.
Apparently, if larger than respirable
particles are not collected on the
7-pm perforated collector, some will
bounce and be partially re-entrained
all the way through to the back-up
filter.

I't should also be emphasized these
interstage loss particles are much
larger than the particle diameter
which should deposit on each perfo-
rated collector. There is no appar-
ent relationship between interstage
particle diameter and stage cut-off
diameters. Interstage loss has been
normalized to the collector weight
at that stage rather than to collec-
tor plus interstage loss.

Interstage losses for field ex-
periments are greater than interstage
losses for 1-um particles under labo-
ratory conditions. Nevertheless,
realistic field measurments of resus-
pended radioactive particles can be
made with this impactor system.
Since laboratory experiments have
shown that impactors operate satis-
factorily for respirable sized par-
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ticles, the important question then

concerns the effect of larger air-
borne particles on airborne concen-
trations and size distributions. If
resuspended radioactive particles
are in the respirable size range,
size distributions from field sam-
pling with a large-volume impactor
will probably be comparable to re-
sults from laboratory measurements.
However, in application to field
sampling, should radioactive contami-
nation on large particles represent
an appreciable fraction of the total
airborne radioactive material, inter-
stage losses would be very signifi-
cant. The attendant penetration and
deposition of larger particles on
stage collectors beyond the first
make it appear that the air sampled
had a larger number of particles in
the respirable size range than actu-
ally present.
the sample conservatively toward
assessing the potential respirable
particle hazard as greater than
actual. Those using or intending to
use large-volume impactors are thus
cautioned that results may be biased
when the impactors are to be used
where large particles (>20 um) are
in the stream sampled. This study
did not address the important ques-
tion of the degree to which the stage
collector itself collects these larger
larger airborne particles. Hence the
quantitative significance of errors

This would always bias

from this source are as yet unknown
and will be a topic for study.
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AN ASSESSMENT OF THE-'LONG-TERM EXPOSURE DUE TO RESUSPENSION

T. W. Horst, J. G.

Droppo and C. E.

Elderkin

A simple model of the interaction between an airborne pollu-
tant and the underlying surface i s postulated which includes the
processes of deposition, fixation by the soil, resuspension and

redeposition.

This model i s used to calculate the ratio between

the exposure to the resuspended material and the exposure to the

primary material.

Utilizing current estimates of model parame-
ters, this ratio could range from 5§ to 5 x 10-4,

In the case

where resuspension i s Zoeally balanced by redeposition, however,

this range i s narrowed to 0.5 - 0.05.

Horizontal homogeneity i s

a sufficient condition for this balance to hold true.

At present a special need exists
to eval uate potential environnenta
hazards of plutonium Resuspension
into the air of hazardous materi al
previously deposited on a natura
surface is one potentially inportant
pat hway for plutoniumto enter the
human lung. Attenpts are currently
being made to develop realistic phy-
sical model s of the resuspension
process through conputer anal ysis,
control | ed experinentation, and care-
ful monitoring of actual surface con-
tam nation. However, the neasure-
nents are only just beginning to
produce the information necessary for
nodel devel opnent. Therefore an
attenpt is made here to utilize the

K(m

currently available enpirical infor-
mati on on resuspension to devel op a
simpl e anal yti ¢ nmodel which fits the
observations and whi ch can be ex-
tended to the situation of a continu-
ous, trace level release of plutonium
to the environnent.

OBSERVATIONS

A consi der abl e nunber of neasure-
nents of airborne, resuspended mate-
rial have been nade. In the majority
of cases, these have been normalized
by the anount of material on the sur-
face presuned to be the resuspension
source. This produces the resuspen-
sion factor

—1) _ Airborne concentration (units/m3)

The resuspensi on factor has obvious
shortcom ngs because it ignores many
net eor ol ogi cal conditions, properties
of the surface, and properties of the
tracer naterial which play inportant

~ Surface concentration (units/mZ2) (1

roles in the resuspension process.
However, K is not entirely without
val ue since normalizing by the sur-
face concentrati on does conpensate
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for one inportant source of variabil-
ity in measured air concentrations.
The bulk of the data appears to point
to a K value of 107° to 10°® m™! for
freshly deposited material resus-
pended by natural processes. (17,18)
10 *n"1 woul d represent a conserva-
tive upper limt.

A first step inrefining a descrip-
tion of the resuspension process
woul d be to separate the actual re-
suspension from the atmospheric dil u-
tion and transport of the airborne
material. The flux (units/n? sec) of
material fromthe ground to the air
woul d, in the first approximtion,
be proportional to the anount of
material on the ground (units/mz)
through a resuspension rate A(sec'l)
This flux would represent a source
of material for downw nd diffusion
and subsequent redeposition. A very
limted nunber of nmeasurenents of
resuspensi on rates have been made.
Heal y and Fuquay(lg) obtained a rate
of 1077 sec’! at a wind speed of
3 m/sec for resuspension from severa
different environnental surfaces.
Sehmel,(s) using a simlar tracer on
an asphalt road, found resuspension
rates of 5 x 107° to 6 x 108
at wind speeds of 1-4 m/sec.

Measurements of airborne, resus-
pended material at the same site over
an extended period of time have shed
light on another facet of the resus-
pension process. The airborne con-
centration appears to decay exponen-
tially with a half-life of 30 to 40
days.(20’21) Assuming that the fac-
tors governing the resuspension pro-
cess do not vary greatly over the
period of measurement, this can only

-1
sec
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mean that the source is being de-
pleted at that same rate. However,
concurrent measurenents show that the
soil inventory is not changing, i.e.,
less than 10%of the nmaterial is
being lost by resuspension. Since
the material is not being carried
away by the wind, this can be inter-
preted to mean only that the nateria
is becom ng unavail able for resuspen-
sion. It is becoming nore or |ess
permanently attached or fixed to the
soil by a process anbiguously called
"weat hering. "

MODEL

The preceding observations can
now be related to one another by
equations describing the evolution
with time of two quantities. These
are defined as S, the total concentra-
tion (units/mz) of material on the
ground, and G, the surface concentra-
tion of material that is available
for resuspension (some portion of 9.
Gwll be increased by deposition
from sone airborne concentration x
and wi |l be depleted by resuspension
and soil fixation (weathering). The
deposition flux is assumed to be pro-
portional to the airborne concentra-
tion through a deposition velocity V.
As expl ai ned above, the resuspension
and fixation processes are assumed to
be proportional to the amount of
avai | abl e naterial through, respec-
tively, a resuspension rate A and a
fixation rate a. Thus, if the only
airborne concentration is that due
to upwind resuspension x,,
%% =V

gXp - AG - aG. (2)
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Fl GURE 8.
Concept s

This equation can be sinplified if
we define an "initial" resuspension
factor in terns of the available
ground concentration,

Ky = Xp/G- (3)

| f now K i s independent of tinmne,

R -Bt
G = GO exp [(VdKo - A - a)t] = Goe

(4)

wher e G, is the avail abl e ground
concentration at timet = 0. W wll
return later to a discussion of the
assunption on K.

The total surface concentration S
will simlarly be increased by deposi-
tion but will be depleted only by
resuspensi on since soil fixation does
not affect S. Hence
22 = vyx, - AG

= -Bt
er = (VdKO - A) Goe .

(5)

Schemati ¢ Di agram of Resuspensi on Mode

If t = o0 at the tine when the surface
was originally contamnated, G = S
and

(o]

s = Z_O [a - (AV 4K e BT, (6)
Equations (4) and (6) can now be
shown to be consistent with the ob-
servations di scussed above and can
provi de some additional insight to
the resuspensi on process. As ob-
served, (4 shows that the available
ground concentration decays exponen-
tially at the rate 8 =a + A - V4K_.
Equation(6) additionally tells us
that for t >>3'1, several half-lives,
S=a So/B- But the observed total
ground concentration remains at
better than 90%of the ori ginal
hence a ¥ 0.9 8 and

(A-V4K,) 20.1 a. (7

Equation (7) says that either the
di fference between resuspensi on and



226

redeposition is much smaller than
fixation or these two are each smaller
than fixation. The observations do

A 40-day
half-life for the fixation of mate-
rial by the soil is identical to a

fixation rate of 2 x 107/

not indicate a clear answer.

sec T,

Measured resuspension rates are in
the range of 1078 to 1077 1
would agree with either interpreta-
tion.

sec ~ and
Similarly, deposition velo-

cities for these particles have

4 2

to 107 “ m
sec'l, depending on the particle size,
surface roughness, wind speed,
etc.(zz) Combined with K_ values
from 107° to 1074 m_l, thgse give
values of V K  from 10710 to 1078
sec'l. Thus the observations are
consistent with each other and the
model but do not presently differ-
entiate between the two possibilities
expressed by Eq. (7). The observa-
tions may contain instances which
exemplify both circumstances.

minimum values from 10~

6

APPLICATION

With the conditions expressed by
(7), the air concentration of resus-
pended material is

~ 8
Xr'—SOKe ’ ()

and the resulting exposure will be

t SOKO -at 9
E_ i/; X dt = —— (1 - e ), (9)

If the ground contamination is due
to deposition from an air concentra-
tion Xo which passed in a time T,

0 d od’ (10)
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After several half-lives the exponen-
tial term in (9) can be neglected,
and the ratio between the exposure
to resuspended material and the expo-
sure to the original passage of
material is

E./E, = V4K /a. (11)

As indicated in the discussion fol-
lowing (7), this could range from
5 to 5 x 107 %

The model presented here can also
be extended to the situation where
a continuous trace level release of
material to the atmosphere produces
a uniform air concentration Xo -

Then we must add the term deo to

Eq. (2) and (5). Letting G, =
SO =90,
VX -
6= 52 (- oF, (12)

Applying (7) to this situation, we
find that after several half-lives
the ratio between the resuspended
air concentration Xr and the primary
air concentration Xo is the same as
found in (11):
Xr/Xo = VdKo/a. (13)
Recall now that to obtain the
solutions (4), (6) and (12) to the
differential equations (2) and (5)
we assumed that K, was independent
of time. [The conclusions based on
(4) and (12) with 8 = a, however,
are valid in any case satisfying
simply condition (7), since it states
that the net sum of resuspension and
redeposition plays a minor role in

(2).1]

This assumption depends on



many things. Environmental factors
such as wind speed and soil moisture
change from hour to hour, day to day
and month to month, but it is assumed
here that a time average of these
conditions can be made such that
there will be no long-term trends in
the ratio Xr/G which will seriously
affect the solution of (2) and (5).
I f, however, the distribution of
available upwind material changes
significantly with time (e.g., the
area contaminated with available
material increases in size by an
order of magnitude), K will change
with time since the airborne concen-
tration depends, through atmospheric
diffusion, on the upwind source con-
figuration while it is defined here
in terms of the local ground
concentration.

One condition which would negate
this latter possibility is horizon-
tal homogeneity of the surface dis-
tribution. An appropriate approxi-
mation of this condition would exi st
if the distribution were uniform
over a distance greater than the
"communication” distance implied by
the resuspension-redeposition process
For V4/U = 10'2, U being the mean
horizontal wind speed, this distance
ranges from 100 m to several kilome-
ters, depending on the mixing capa-
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bilities of the atmosphere. Under
these conditions resuspension must
be balanced by redeposition,

A-V4K, =0 (14)

or

-~
]
>
(op)lal

-4 (15)
d
Note that in this situation K0 is a
function only of the competing pro-
cesses of resuspension and redeposi-
tion and does not depend on the
source configuration. Rather than
being, as is usually the case,
merely a description of a particular
resuspension event, K, reduces to a
parameter characteristic of the
micrometeorological processes taking
place and can much more readily be
applied to situations differing from
that in which it was measured.
Eq. (13) then becomes

Xp/Xo = Ao, (16)

and this ratio is also seen to be
determined only by the relative
efficiency of the two processes of
resuspension and soil fixation. The
available measurements are much |less
ambiguous for this ratio, assigning
a value between 0.05 and 0.5.
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AIRBORNE RELEASE OF ]37CS FROM A CONTAMINATED AREA

DURING A RANGE FIRE

J. Mishima and L. C. Schwendiman

To aid in evaluation of the potential airborne hazard during
a range fire, the distribution and fractional airborne release
of 137Cs involved with various contaminated materials on-the
surface of prairie land were measured. The distribution was
determined by collecting and measuring the 1387¢s content of all
surface materials including soil to a depth of 1 em in ten
random 1-m2 plots. Approximately 90% of the 137¢s activity
measured was found in the soil. Little of the 137¢s involved
in the soil was airborne during fires promoted by gasoline under
static or flowing air conditions. Fractional airborne releases
of 4 x 10-4 and 10-3 were obtained during fires where a combina-
tion of organic litter and animal droppings was involved at
wind speeds of 2.5 and 20 rnph respectively. Radioactive parti-
cles in the ashes were entrained to the extent of 6 x 10-$9 at
2.5 mph and 4 x 10-2 at 20 mph, in a 24-hr period immediately

after the fire.

Surficial contamination in areas
exposed to the elements poses a con-
tinual potential for atmospheric
release by alteration of local physi-
cal conditions. To evaluate the
potential consequences, data is re-
quired on the quantity and distribu-
tion of the radioisotope and its
fractional airborne release as a
result of the action of wind and
possible fires. A study is presently
in progress to evaluate the potential
137Cs and 9OSr-

contaminated prairie land during a

airborne release of

range fire. To date information on

137Cs has been obtained.

DISTRIBUTION OF 137

SURFACE MATERIALS

Cs IN VARIOUS

All surface materials including

the top an of soil from ten random
1-m2 plots were collected, segre-
gated into four types and the 137Cs
contents measured by gamma spectrome-
try. Approximately 90%of the 137¢s
was found in the soil itself. Animal
droppings contained 8.5%while 1.5%
was found in the organic debris
(decayed vegetation and animal drop-
pings).
0.5% of the Cs measured was asso-
ciated with various kinds of plants
found in the area. The 137

Very little (approximately
137

Cs radio-
activity per unit weight of soil
tended to increase with decreasing
size of the soil particles. The

137 2 of

measured Cs activity/m
13.3 uCi agrees with a maximum value
of 10 uci 137

aerial survey of the same area.

Cs/m2 obtained in an

Summaries are shown in Table 9.



TABLE 9. Distribution of 137Cs in
Surface Materials
Mass collected from 1 m* 22,360 g

(average of 10 plots)
137Cs found in 1 m®~ (avg.) 13.3 uCi

Surface Component Mass Distribution
(to depth of approx. 1 cm)

Soil 93.4%
V egetation 4.0%
Organic debris 2.3%
Animal droppings 0.2%

Component Radioactivity ( 137Cs)

Distribution

Soil 89.5%
V egetation 0.4%
Organic debris 1.5%
Animal droppings 8.5%

137

FRACTIONAL AIRBORNE RELEASE OF
DURING A FIRE

Cs

Eleven bench-scale and five
engineering-scale experiments were
performed to measure the fractional
airborne release of 137cs
with various surface materials during
fires fed by gasoline. Only the
three surface materials (soil, animal
droppings and organic debris) which
contained approximately 99.5% of the
137¢s were used as sources in these

involved

experiments.

Bench-Scale Experiments

Specimens of the surface materials
were burned on gasoline-soaked sand
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held in a 100-ml glass beaker. The
materials generated were entrained

in air drawn up and around the burn-
ing specimens and collected on a
glass fiber filter followed by a
caustic scrubber (for cesium vapors,
i f any). The apparatus is shown in
Figure 9. A measured quantity of
activity was airborne in only one
experiment where contaminated organic
debris was burned -- 2.7 x 10 % of
the 137Cs in the source. There was
no measurable release during fires
involving contaminated soil or animal
droppings.

Engineering-Scale Experiments

Specimens of the three contami-
nated materials were involved in
fires on gasoline-soaked soil at two
wind speeds in the 242-B Building
(see Figure 10). No
measurable release was found during
a l-hr fire at 2.5 mph when the 137Cs
present was predominantly involved
with soil. When the source was a
mixture of organic debris and animal
droppings, fractional releases of
4 x 10°% and 1073 were measured at
2.5 and 20 mph respectively. En-
trainment of an additional 6 x 10~
and 4 x 1072 of the “37cs was mea-
sured during the 24-hr period imme-
diately following the fire at the
respective wind speeds. The infor-
mation obtained is summarized in
Table 10.

wind tunnel

3



230 BNWL-1850 PT3

Neg 732382-2

FIGURE 9. Apparatus Used in Bench-Scale Experiments
of Fractional Airborne Release of 137Cs
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TABLE 10. Fractional Airborne Release of 1°’Cs During
a Gasoline Fire Involving Contam nated Materials

Engi neering Scal e Experiments -- Summary Sheet

Date 5/9/73 5/14/73 6/4/73 6/19/73

Experiment Number 2 3 4 5

o SOURCE
Wt. Contaminated Soil, g 302.5 286.5 - -
uCi 137¢s in Soil 1.34 1.60 - -
Wt. contaminated animal droppings, g 25.7 25.4 0.674 1.564
uci 137¢Cs jp_animal droppings 0.081 0.067 4.22 12.2
Total uCi 137Cs in Source 1.42 1.68 4.22 12.2

e BURNING CYCLE -- One gal gasoline
Air speed, mph 2.5 2.5 2.5 2.5
Duration of cycle, minutes 52 54 52 65
Percent source airborne <0.4 <0.27 0.11 0.041(-0.52)
Activity median diameter, um n.d. n.d. n.d. n.d.

o ENTRAINMENT FROM RESIDUE
Air speed, mph 2.5 2.5 20 2.5
Duration, hours 1 1 24 24
Percent source airborne <0.4 <0.27 0.6-1.0 0.151(-0.63)
Activity median diameter, um n.d. n.d. n.d. 2

e RECOVERY OF ACTIVITY USED IN SOURCE »
Airborne during burning cycle, % <0.4 <0.27 <0.11 0.04
Entrained from residue, % <0.4 <0.27 1.0 0.63
On floor, % <0.01 <0.01 0.0042 0.0026
On walls, % <0.01 <0.01 0.0018 <0,00015
In residue burner tray, % 101 82.1 81.4 84.5
In residue, duct, % -- - 0.44 -
In residue, R.A.RT., % -- . 6.9 __
Percent activity used in source 101 82.1 90.0 87.4

recovered
n.d. -- not detectable

2
1

2

a1

[}

6/27/73
6

0.674
9.83
9.83

0

8
0.091-0.13
2.8

0
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SPECIAL STUDIES

This section reports the results of research not appropriate to the first four sections.
COOLING TOWER RESEARCH

The number of cooling towers being constructed in the US. is rapidly increasing due
to the expansion of electrical generating capacity demand, water quality thermal limits, and
competition for fresh water resources. In addition, the localization of electrical demand
in coastal areas is encouraging wide utilization of salt water cooling towers. With this trend
and the trend for progressively larger power plants on the same site, it has become obvious
that immediate attention must be given to establishing the basic information necessary to
assess the impact of such actions. The data base available for predicting salt water cooling
drift amounts and the potential for inadvertent weather modification is indeed meager and
far behind plans for future development.

It was with this background that cooling tower studies were initiated at Battelle. In
the first year, emphasis has been placed upon both theoretical and experimental studies of
drift modeling and scoping the effects of waste heat releases to the atmosphere. The results
to date and the trends in utility developments have not only confirmed and reinforced the
initial motivation for these investigations, but have injected a sense of urgency to such
research if the scientific community is to keep pace with the requirements for its product.
Cooling tower studies at Battelle will continue to address the need for drift models, and
increased emphasis will be placed on obtaining cooling tower plume data and evaluating
potential effects on weather from multi-unit reactor sites.

BIOMETEOROLOGY

Elucidating the relationships between animal population dynamics, radiation sensi-
tivity, and physiological adaptions to environmental parameters requires a knowledge of
microclimatology because of its relationship to plant distribution, growth, reproduction, and
yields. The microclimatology of the Arid Lands Ecology Reserves is continuing to be studied
as part of the terrestrial ecosystem studies. Program activity for 1973 is reported.

e COOLING TOWER AND COOLING POND ATMOSPHERIC IMPACT
e AEC DIVISION OF LICENSING

ECOLOGICAL MICROMETEOROLOGY AND CLIMATOLOGY

OF THE ALE RESERVE
e BATTELLE MEMORIAL INSTITUTE PHYSICAL SCIENCES PROGRAM
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MEASUREMENTS OF DRIFT FROM A MECHANICAL DRAFT COOLING TOWER

A. J. Alkezweeny, D. W. Glover, R. N. Lee,
J. W Sloot and M. A. Wolf

Measurements were made at the Oak Ridge Gaseous Diffusion
Plant to determine the air concentrations and surface deposition
rates of chromium in solution in drift droplets originating from
a mechanical draft cooling tower. Observed deposition fluxes
were about 1 mg (m“ hr)-I within 50 m of the tower and approxi-
mately two orders of magnitude lower at I km. Air concentra-
tions over that same distance were observed to decrease by less
than an order of magnitude with values of approximately 40
ng m-3 observed to distances of about 200 m. Air concentration
and deposition flux appear unrelated, the former probably due
to downwash of fine droplets at the tower. The chromium cir-
culation rate during these measurements, based on a chromate con-
centration of 25 pom in the circulating water, was 76 kg hr-1I.
Work i s continuing in the effort to utilize the experimental

results for improvement of drift models.

PURPOSE

Chromi um concentrations in the air
and the rates of chrom um deposition
on the ground were neasured at the
Cak Ridge Gaseous Diffusion Plant
(ORGDP) as a portion of a program by
Uni on Car bi de Nucl ear Conpany to
assess the environnental effects due
to chrom um eni ssions fromthe ORGDP
cooling towers. Parallel investiga-
tions such as the one to determne
the effect of chromate on the flora
require a measurenment of these
paraneters

Chromiumis contained in solution
as chromate in the circulating, cool-
ing tower water and is released to
the atnosphere with the drift drop-
lets carried in the tower exhaust.

The chronmate concentration is main-
tained near 20 ppmto inhibit corro-
sion within the ORGDP cooling system

FIELD OPERATIONS

Sel ection of the cooling tower to
be studied was based on the prevail-
ing wind directions at ORGDP as de-
termned fromits clinmatol ogy. (1)

It was necessary that obstructions
bet ween the source and sanpl es be

m nimal and that other sources of
chrom um be excluded fromthe sam
pling array insofar as possible. A
sanpling configuration which satis-
fies these criteria under the predom -
nant northeast and southwest wind
directions is shown in Figure 1 with
the K-31 cooling tower as the source.
The K-33 cooling tower and two ot hers,
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FIGURE 1. Chromi um Sanpling Config-
uration

denoted C.T., are shown in this fig-

ure because they also are chrom um
sources. Several nore-distant sam
pling locations did not receive
signi ficant amounts of chrom um and
are omtted fromthe figure.

Deposition samples were coll ected
in petri dishes with an exposed area
of approximately 79 cm?. Air sam
pling was performed with gasoline-
power ed vacuum punps which drew air
through a 47-mmfilter at 0.113 m3
Hi gh-vol ume sanplers in stan-
dard shelters, at positions 1 and 16,
were operated at a flowrate of 0.282
m3 min-1 for conparison with the
unsheltered filter results.

Wnd speed and direction were re-
corded continuously froma sensor
operated by the Air Resources Atnp-
spheric Turbul ence and Diffusion
Laboratory at Oak Ridge. This sensor

min-1,
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was nmounted on top a 21.4-m mast
about 100 msouth of the K-31 tower.
Addi tional neteorol ogical data were
obt ai ned by tracking a raw nsonde
froma | ocation about 100 m south of
the tower. The raw nsonde provided
vertical profiles of wind velocity,
tenperature and hum dity.

Weat her during the field operation
inmd-April 1973 was generally un-
settled, with the result that com
pl ete neasurenents were obtained only
on April 19. Sanplers were depl oyed
from 0930 until 1600, and linted
success was achieved despite a ngjor
wind shift. Figure 2 indicates the
wind direction variability during the
nmeasurenents period. As a conse-
quence, extensive data editing was
necessary to assure that observed air
concentration and deposition fluxes
were related to a single source. Had
a constant wind direction prevail ed,
more definitive results would have
been possi bl e.

An additional factor affects the
degree of definition which can be ex-
pected. The K-31 cooling tower con-
sists of 16 cells extending over a
length of 117 m Each cell, 6.8 m
diam, contains a fan which draws air
through the tower packing. At any
time, the circulating water nmay flow
through several or all of the cells.
In addition, the flow of water through
a cell does not necessarily indicate
the operation of that cell's fan
Furthernore, the fans, packings and
drift elimnators are not identica
for all cells. The chromium source
for April 19 was defined only by the
total circulation rate and the chro-
mat e concentration, which were 11, 300
m3 hr-1 and 15 ppm respectively.
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SAMPLE ANALYSES

The chrom um content of all sam
pl es was determined by flameless AA
using a Perkin-El mer Mdel 306 Atomic
Absor ption Spectrophotoneter with the
HGA-70 graphite furnace accessory.
At omi zati on was acconplished by heat-
ing to 2400°C (9v), and sanple honoge-
neity was confirmed by the analysis of
at least two aliquots of a sanple.
Possi bl e positive interference by an
organi ¢ conponent of a sanple was
checked by noting the relative intens-
ity of the absorbance signals observed
followi ng ashing at 1100°C for periods
of 0.5 to 10 min. Al acid solutions
were prepared fromdistilled concen-
trated acid and distilled-deionized
water. The chrom um contribution of
the acid, filters, and sanple con-
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NOTES:
1 ARROWS INDICATE DIRECTION
FROM WHICH WIND IS BLOWING

2 TIMES (EST) DENOTE 15-MINUTE
PERIODS FOR WHICH AVERAGE
WIND DIRECTIONS WERE
DETERMINED

Wnd Direction Variability

tainers was determ ned by running :
bl anks at the same time as the field
sanpl es.

The filters were placed in new
100-m pol yet hyl ene beakers, 10.0 ml
of 1072 N HNO, were added and the
beakers covered with polyfilmto pre-
vent |oss of solvent. After soaking
at least 16 hr, aliquots were renoved
for analysis. This period of time was
adequate for chrom umrenoval as dem
onstrated by the agreement between
the initial results and those obtained
for that same sanple 1 to 7 days
later.

Five milliliters of 1:1 HF were
added to the deposition sampler, tak-
ing care to expose the entire bottom
surface to the acid. Follow ng evap-
oration under a heat lanmp, 20.0 ml
of 10-2 N HNO; were added and the



cover fastened securely. The contain-
ers were kept under nild agitation
overni ght before removing 5 to 100
pliters aliquots for analysis.

DISCUSSION OF RESULTS

The masses of chromiumon the fil-
ters and in the petri dishes were con-
verted to concentrations and deposi-
tion fluxes, respectively. The
exposure times pertinent to these cal-
cul ations were determ ned by the num
ber of 15-min periods during which
the mean wind direction was aligned
bet ween the cooling tower and each
sanpler location. These exposure
times are presented in Table 1, to-
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gether with the resulting concentra-
tions and deposition fluxes fromthe
ten sanmpling positions which received
significant chromumfromthe K-31
tower. The distances between the
tower and the sanplers are also |isted
The deposition velocities, which are
the ratios of the fluxes to the air
concentrations, are included for
subsequent di scussion

Reference to Figures 1 and 2 shows
that positions 1-9 and positions 16-25
received material before and after the
wind shift, respectively. It is not
surprising, therefore, that signifi-
cant differences occur at sanplers
which are at conparabl e distances.
However, the large difference observed

TABLE 1. (bserved Chrom um Air Concentration
and Deposition Fluxes
Deposition
Position Distance Exposure Flux Concentration VeIociE{
No. (m) (mn) (g m 4hr-1) (ng m-3) (cm sec-1)
1 36 120 1018 81 (77)* 349 (488)
2 57 *& 929 41 --
4 126 30 306 41 207
5 219 30 38 12 88
6 318 30 13 -- --
9 645 15 9 -- --
16 36 30 993 883 (62)* 31 (657)
17 42 30 433 130 92
20 120 30 97 38 71
25 855 30 9 5 50
NOTE: *Concentrations in parenthesis were measured by the sheltered,

hi gh-vol ume sanpl ers

**Flux was received for 60 mn, but air sanpler operated only

30 min.
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bet ween the chromi um concentrations
inair at positions 1 and 16 for the
unsheltered sanplers is not
in the sheltered, high-volune sanpler
measurenents. In addition, the val ues
determned by the sheltered sanmplers

aprarent

extend to distances on the order of
the cooling tower length although the
flux values decrease by an order of
magni t ude over a conparabl e di stance.
It is inferred fromthis that the
nmeasurenents of flux and concentration
represent independent
appears that the air concentration of

processes. It

chromumis due primarily to the
smal l est drift droplets, which are
continually fed into the tower wake
from the edges of each cell by aero-
dynam ¢ downwash. Little change in
concentration with distance is appar-
ently a consequence of the di m nished
effect of lateral diffusion for a
crosswind |ine source. The high
val ues of chromi um concentration at
sanmplers close to the tower, particu-
larly at position 16, may be due to
wi nd gusts which carry larger drops
into the sanplers.

The deposition velocities give
further support to the independence
of the air concentration and the fl ux.
Where the two are rel ated, deposition
velocity is near-constant. The high
val ues of deposition velocity are
indicative of the large drift droplets
falling through a fine-droplet
sol. Insofar as drift droplets with
appreciable fall velocity are present,
it would be unwise to base flux deter-

aer o-

m nati ons on airborne concentrations.
The chrom um fl ux val ues are shown

BNWL- 1850 PT3

as a function of sanpling distance in
Figure 3. There is an apparent dif-

ference in flux distributions before

the wind shift, but no ex-

pl anation can be offered at this

and after

tine.

A neani ngf ul
served distributions nust
definition of the buoyant plume, of
the drift droplet spectrumand of the
and it nust con-

di scussi on of the ob-
i ncl ude

adj acent at nosphere,
sider the interaction between them
Addi tional data are being analyzed
in the continuing effort to conpare
these experimental results with
existing drift nodels and to utilize
these results for the devel opment of

more realistic drift nodels.
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FIGURE 3. Deposition Flux Distri-
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A SIMPLE MODEL FOR BUOYANT PLUMES BASED ON THE
CONSERVATION LAWS

W. G. N. Slinn

Equations for the steady-state rise of a buoyant plume are
derived directly from the conservation laws for mass, momen-
tum and energy. Top-hat profiles are used and it i s assumed
that there i s no horizontal pressure gradient across the
plume's boundary. |In the resulting equations there are four
unspecified quantities: the drag and heat transfer coeffi-
cients, the entrainment velocity and heat production. Results
are shown for the (isentropic) case when all these quantities
are zero as well as for cases with various combinations of
these quantities different from zero and using simple relaxa-
tion models. In this way some insight i s gained into their
separate effects on the plume's properties. Results of a sim-
ple model to account for a mean wind are also demonstrated.
The need for more field data i s obvious.

INTRODUCTION plume radius and let the entrainment
be whatever it desires (Scorer). (s

On first encounter, plume And wor se, after one becomes ac-

rise nodeling may seemto contain custoned to equations for radius

more art than science. Mst of us change (Hanna) () or buoyancy fl ux

can accept the linitations to "top- (scorer) ) or density defect

hat" profiles of plume properties and (Slawson and CSanady),(4) he is

the poor account (if any) of turbu- assaul ted by nonphysical "conser-

| ence. But then one seens able to vation laws" of volunme, buoyancy,

choose a single entrainment expres- and separately for heat and kinetic

sion (Mrton et alJ(z) or two energy (e. g., see Nbrton).(7) As a

(Briggs) , ) or three (Slawson and (hopefully) final insult, when one

Csanady) , 4 o i nstead, specify the | ooks nore closely at nost results,



he finds that "the conputer
calcul ations show ..,."

The purpose of this paper is to re-

port on what we presune all others
have done but have decided not to
describe. That is, we will start
fromthe faithful conservation |aws
for mass, nomentum and energy, and
see what type of plume they predict.
Further, where appropriate, we will
approxi mate the resulting equations
in the hope of gaining sone insight
into the true solutions fromanal yti-
cal solutions to approxinmate equa-
tions. In this way, perhaps, one can
see the consequences of some of the
many assunptions involved in nodeling
buoyant pl unes.

GOVERNING EQUATIONS

W look first at the conservation
laws for a vertical plune. Notation

to be used is illustrated in Figure 4.

Because of the conplexity of the pro-

blem we introduce a number of sinpli-

fications at the outset. One is to
work only with cross-sectional-area
averages of plune properties or,
equi val ently, assume top-hat profiles
for the plune's variables. Further,
st eady-state conditions are assumed
throughout. Also for now we ignore
the influence of a mean wi nd, but
[ater we shall account for it in a
si npl em nded manner

A nmajor problemwith the plume
equations which does not appear to
have been specifically addressed pre-
viously is that even if drag, heat
transfer and entrai nment were known,
still the equations do not forma
closed set. There are five unknown
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FIGURE 4. Notation: p = pressure,
p = denS|t¥, T = tenperature, w =
updraft velocity, R = plune radius,

ve = entrainnent velocity; subscripts
i = internal, e = external or en-
vironment, p = plume

pl ume vari abl es: P, pp, T., wand R
and only four equations: state and the
conservation laws for mass, vertica
momentum and energy. A fifth equa-
tion, for horizontal nomentum can be
introduced but this introduces a

si xth unknown: the horizontal ve-
locity. The source of this lack of
closure is probably the assunption
that a plume can be separately identi-
fied fromthe rest of the fluid me-
dium Inreality there are six un-
knowns: p, o, T and the single ve-
locity field, say v, and there are six
equations (counting the vector nomen-
tum equation as three scalar equa-
tions). To extricate ourselves from



the problem we postulate that the
hori zontal velocity is negligible and
t hen deduce from the horizontal no-
mentum equation that there is no hori-

zontal pressure gradient. Thus we
take the internal pressure to be the
sane as the external pressure,

P; =P, =D and further, we nmake the
not unreasonabl e assunption that the
vertical gradient of this single
pressure field is given by the hydro-
static equation in the anmbient envi-
ronment :

dp . .
L= -0, 8.

(1)

W now turn to the conservation
equati ons.

Conservation of nmass requires that
the amount of mass |eaving the control
volunme at z + Az during At, i.e.,

p. W At “R2|z+Az’ is the anmount

fFomﬁng in through the face at z

plus the amount of environnenta

air entrained through the surface,
e Ve A 27R Az. Then the

steady state continuity equation is

i.e., p

o

2y _
az (pp w R%) = e Ve

(23

The z-component of the nomentum
equation states the net rate of out-
flow of nomentum fromthe control vol -
ume, viz.,

d 2 2

AL (pp w” mR™)Az,

is equal to the sumof the vertica
forces. These forces include the
wei ght °p & TR Az, the resultant

of the pressure forces,

242

BNWL-1850 PT3

P ﬂRzlz - ﬂRZIZ+AZ + 2TR AR p =
- 1R? dp Az,
dz
and the drag force, - C EZ 2R Az,

D pp
wher e Cph i s an (unknown) draé
coefficient. Thus, using (1), and
assuming that the entrained air pos-
sesses no initial vertical velocity
(which seens a fairly accurate as-
sunption, see SIinn)[S) we obtain the

moment um equat i on

(3)

The energy equation is just a
statenent of the first |aw of therno-
dynami cs and requires for steady-
state conditions that the energy out -
flowfromthe control vol une,

ﬂRZ w At (EZ +c¢c. T
°p 2 v 'p

wher e Cy is the specif?c heat at con-
stant vol ume and per unit mass, is
equal to the inflow plus the heat
added within the control vol ume |ess
the net work done by the fluid. The
inflow of energy is

Z+Az

ﬂRZ w At EZ+ c. T
pp 2 V. Db/lz
+ p_ 2mR Az v_ At E

e e e

wher e E, is the energy of the en-
trained air. The heat addition is

C
. 2 H
Q At mR* Az -R—cp (Tp—Te)

R4 w At Az
°p



where Q is the rate of heat addition
per unit volunme from processes such
as water vapor condensation, and Cy
is an (unknown) heat transfer coef-
ficient. The additional variables
in the heat transfer termare intro-
duced solely for convenience and to
nondi mensi onal i ze Cy- The net work
done by the fluid in the contro
volune is against gravity, p, g mR
Az At, against the pressure forces,
d (p "R w At) Az and against the
drag force, Cj Pp %E 27R Az w At
Thus the energy equation is

2
d 2 w
az [pp R w (7 + gz + Cp Tp)]

2

C 2
D w 2

where we have included the work done
agai nst the pressure forces in the

ent hal py term

The final equation available to us
is the equation of state

p = p RT (5)

where R is the gas constant for the
plurme air.

ISENTROPIC RISE, OF A DRY BUOYANT
PLUME

In the above five equations,

there are five unknowns (p, PpaWs

BNWL-1850 PT3

R, TP) and four unspecified quanti-
ties (ve,CD,Q and CH). The en-
vironnmental conditions are presuned
known. To proceed, obviously sone
specification of the entrainnent,
drag coefficient, heat generation and
heat transfer coefficient are needed.
The sinplest case is to assune they
are all zero, which would then corre-
spond to the adiabatic, reversible
(i.e., isentropic) rise of a dry,
buoyant plune. W look at this case
now not so much because we think the
results will be realistic, but in
order to gain sonme indication of the
nature of the solution to the ful
equations.

For this case, the continuity and
energy equations can be integrated
to

2 _ _ 2
pp w R® = C1 = ppo v, R0 (6)
2 wo2
7 *tgz+c Tp =Cyr = gz
+ T 7
p “po )

The momentum equation can be con-
verted to

1 w2 _ ER
73z - &g\t - 1). (8)

e

Q.

If we nowdifferentiate(7) and elimi-
nat e dm?/dz bet ween the result and (8)
we obtain
dT
- P v
dz P d

mn
=<
1]

T
- (9)
e

whi ch states that the [ apse rate of
the plume's tenperature is slightly
larger (by the factor TP/Te) than the
dry adiabatic |apse rate, Yq = g/cp.



This result can be used in a graphi-
cal evaluation of (12) given an arbi-
trary (complicated) environmental
temperature profile.

For simple environmental tempera-
ture profiles, an explicit expression
for T_ can be found from the general
solution to (12), viz.

dz
T = - .
s o ek
For example, for an isothermal atmo-
sphere, To = Teo then (10) yields

Yq (z - 2z)
T o exp [_d—T_O].
p p eo

(10)

T = (11)

If the environmental temperature pro-
file can be fitted over restricted

height intervals 2, € Z< 23,9 with a
series of straight lines, i.e.

- ] (z - z,)
Ty = Tey - YE1 A/ (12)

where Yei is the environmental tem-
-th

perature's lapse rate in the i in-
terval, then (10) yields
T. =T .|~ (13)

where 8, = v4/vg;-

The updraft velocity can now be
found simply by substituting these
solutions for T_ into the energy
equation. Thus for an isothermal
atmosphere the result is

w2 W2
> T30 -9 (z- 20
“Yq (2 -2,)
+ Cp Tpo ‘1 - exp[———é—T——o—j”'
o
(14)
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For the case of nonzero but constant
environmental lapse rates as in (12),
the result is

2 Z

7 =57 -g(z-2)

Ty 84
+c_ T . |1 -| =~ .
p "pi Toi

These results yield that the updraft
continue to increase until

b

(15)

will
TP =T, which, of course, can also
be seen from the original momentum
equation.

To find the radius of the plume,
we first need the plume's density or
the pressure. From the hydrostatic
equation and for an isothermal atmo-
sphere, we get

glz - z,)
= S 0
P = p, exp [ T T (16)
p “eo
where vy = c /Cv is the ratio of
specific heats. For constant, non-

zero, environmental lapse rates we
obtain

p o\ Y8/ (D)
P=Pi\T - .

ei

(17)

Now p_ can be found from the equation
of state, and when the result is sub-
stituted into the continuity equation,
there results

2 w. [T . 6i/(Y_1)
RO_if el (18)
R2 w T

. e

1

or, for an isothermal atmosphere

2 w Y, (z - z)
R—z = w_o exp 4 7 Tof (19)
RS (v - 1) T,

where w is given in (14) and (15).
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These results for the isentropic
rise of a dry plume are illustrated
in Figures 5 and 6. Figure 5 is for
the case of an isothermal atmosphere,
and in Figure 6 a comparison is made
between the plume's behavior in an
isothermal atmosphere with its be-
havior in a weak (but extensive)
temperature inversion.

There are a number of interesting
informative features of these
First it is interesting to

" mushroom"

and
results.
see that the familiar

UPDRAFT VELOCITY, W

0 10 20 30 40 50 im sec’H
PLUME TEMPERATURE, T,
250 260 270 280 20 300 (°k
T 1 T T
I \ 1
\ ~.
\ \\
L \ \ ]
‘olw
i / ]
/
/
I SOTHERMAL //
ATMOSPHERE /
0 \ /
- To ™ 300K /
10 0 —
L T, = 25K ’\ ]
L ‘J T il
- _
R
- = \ _
! | \ _
I \ ]
I} \ 1
/ |
/
! |
0.1 1 ! ! s s |
-3 -2 -1 0 1 2 3
NORMALIZED PLUME WIDTH, RIR_
Neg 740722-3
AGURE 5. Plots of Equations (11),

(14) and (19) for the lIsentropic

Rise of a Buoyant Plume in an Iso-
thermal Atmosphere. Te 275°K,
T1Do = 300°K, w_ = 10 ms c-1.
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shape is predicted. This follows
even though entrainment has been
neglected; it is required for mass
conservation.
the plume falls steadily and even
falls below the environmental tem-
perature until finally the kinetic
Actually,

The temperature of

energy i s exhausted.
though, it is clear that our ap-

proximations fail asw ~ o. In

reality there is another term in the
energy equation, namely u2/2, where
u is the radial velocity. Thus as
w -~ o, the details of the results

are not reliable.

UPDRAFT VELOCITY, W (m sec-l)

HEIGHT, Z (m}

ol

DRY BUOYANT PLUME
T, = 300
~——— ISOTHERMAL ATMOSPHERE
T - sk T,
== T=% WEAK INVERSION
To= Ty Cpi z

Ll

L)

1 1 L 1 1

0 1 2 3 4 5 6 7
NORMALIZED PLUME CROSS SECTION, (R/Ri)2

Neg 740722-2

FIGURE 6. A Comparison of the Isen-
tropic Rise of a Buoyant Plume in
an Isothermal Atmosphere (Tegq =
300°K) with its Rise Against the
Temperature Inversion Te = Teo RAY



Further, oncew »~ o, it is clear
that the plume will begin to ac-
celerate downward because TP < Te.
It is expected that we can obtain a
solution to our set of equations to
describe the subsequent evolution of
the plume (actually it is the same
solution, just different boundary
conditions), but we have not taken
the time to explore this quantita-
tively. Qualitatively, the motion
i s one of damped oscillation, which
can be seen by rewriting the momen-

tum equation in the form

2 c
o+ 8 32, &8 .o f 2 .
Z+ZCTZ+CTZgCT1
P e P e e
(20)
where w = Z = dz/dt and t (time) ap-
pears in the pa'rametric representa-
tion of the w(z) curve. The natural
frequency of this oscillation in an
isothermal atmosphere is wz =

gz/c T

p Teo? or the natural period

T = él VETT (21)

which for Teo = 275°K is about 5.6
min. Vertical motion finally stops

, which
for the case shown in Figure 5 is at
about 2.44 km.

at the elevation where TP = Te

ESTIMATE OF THE INFLUENCE OF DRAG

At first encounter most of the
results above seem physically rea-
sonable except for the magnitude of
the updraft velocity. |t seems im-
probable that, even with an initial
temperature excess as large as 25°K,

updrafts in excess of 40 m sec”

BNWL-1850 pr3

Indeed if this
were so, there would be even |less

would be attained.

justification for our ignoring drag.
In this section we will attempt to
estimate the consequences of account-
ing for drag but continue to ignore
entrainment and heat generation and
transfer.

In this case we can still inte-
grate the continuity equation to

o wRY=c,. (22)

The momentum equation can be written

as
T 2C
d D
o) S 25
e

where x = w“/2. The energy equation

becomes
2C
d D
Iz (X * gz + s Tp) = o X- (z24)

If we now eliminate dyx/dz between (23;
and (24), we obtain, as before,

T
- 2= Yp T Ya T (25)
e

Thus the plume's temperature profile
does not change because of drag and
the results found in the previous
section for TP can be used without
modification.

The updraft velocity can now be
found from (23) or (24) provided C
is specified.

D
We are not prepared to

attempt to specify CD at the present
time and instead rationalize as fol-
lows. Since R was seen to change but
little over most of the plume rise
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(at least when drag was ignored) and
since for large Reynolds numbers, C
for bluff bodies becomes independent
of the Reynolds number (and, there-
fore, of w), but especially since we
only seek some indication of the in-
fluence of drag, we take chR in (23)
to be a constant inverse (momentum re-
laxation) length:

L= = constant. (26)

R
m ZCD
Then upon substituting (26) into (23)
and using T_ for an isothermal atmo-
sphere as found in the previous sec-

tion we get

_z Z
X = Xg exp(r) - g4, [1 - exp <_5L_m)]
m

- exp (—i—) . (27)
m

Reasonable estimates for SLm and
Teo/Yd suggest that (1/£m) >>
[Yd/TeO). Then for z << Teo/Yd’ (27)
can be approximated by

T
= o) o 22 )
1 - - ). (28)
Lo ()

A similar result can be obtained
when the environmental lapse rate isa
nonzero constant. However, recogniz-
ing the approximations in the formu-
lation, we suggest that an approxi-
mate solution will be consistent. To
obtain one we note that the momentum

Equation (23) predicts a relatively

BNWL-1850 PT3

rapid relaxation (the exp (—z/zm)
term) from any initial velocity, to a
"steady-state' velocity, which is ob-
tained by putting the inertial term
in the momentum equation (i.e., dy/dz)
Taking dx/dz = 0 im-
plies a balance between buoyancy and

equal to zero.

drag forces.
acceptable approximate description of
the updraft velocity is

Thus we propose that an

2

w2 Yo z T
5 = 5— €exXDp <—-——) +g i ’p
2 2 Lo m(T 1

[§]

()

or in cases where the initial velocity
is generated by buoyancy (for example,
probably the exit velocity from a
natural draft cooling tower) just

w2 T
7=g9“mTp_'1' (30

e

In Figure 7 a comparison i s made
among (14}, (27), (29) and (30) for
an isothermal atmosphere. W have
chosen the order of magnitude "
timate" Cp = 0(10'1) and used Ly =
300 m. In Figure 7 the substantial
influence (our assumed) drag has on
the updraft velocity is obvious. Fur-
ther, given that we do not know the

guess-

drag coefficient nor the initial
velocity of the plume, there seems

little point in using the "exact" so-
lution (27) or even the approximate

solution (29) unless a specific ini-
tial velocity must be fit. Instead,
in what follows we will use the con-
cept implicit in (30), that is, that
the buoyancy and (unknown) drag

forces are always in balance.
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FIGURE 7. A Comparison Among the
Predictions of Equations (14), (27),
(29) and (30) to Show the Influence
of Drag on the Updraft Velocity of a
Buovant Plume in an Isothermal Atmo-
sphere. The "exact"™ solution is the
result (27). For the approximate
solution it is assumed that the iner-
tial term in the momentum equation is
negligible but the initial velocity
wo = 10 msec-1 is forced. This
initial condition is removed for the
third (dotted) curve.

ESTIMATE OF THE
TRANSFER

INFLUENCE OF HEAT

The original five equations con-
tained five unknowns and four unspeci-
fied quantities (ve,CD,Q and CH). We
have now looked at the consequences

BNWL-1850 PT3

of taking all the unspecified quanti-
ties to be zero (isentropic case) and
the case with only CD # 0. W& now
take both CD # 0 and CH # 0 to esti-
mate the additional consequences of
some heat transfer. In this case,
the continuity equation can still be

integrated to
(31)
The momentum equation does not con-

tain any explicit dependence on heat
transfer and is as before

d T
Bealo) - G2)
e m
Finally, if (31) is used in the
energy equation, it becomes
d - X
Iz vz voep T =
CH
"R % (Tp - T) (33)
where, again, Lo = R/ZCD-

Rigorously we cannot proceed any
further since the heat transfer coef-
ficient is unknown. However, we
rationalize as before and take

(34)

where e is another (unknown, tempera-
ture relaxation) constant, length.

If dx/dz is now eliminated between
(32) and (33), we obtain

(ig . 1_> T - e,
Te SLt P SLt

The solution to (35), for example
for an isothermal atmosphere, is

dT
P,

Iz (35)



@ro

= -z
Tp = Tpo exp ( 2) + Teo

[1 - exp (é)} (36)

1
e

where E =

+

;—d (37)
€0

Solutions for other simple environ-
mental temperature profiles can be
found similarly.

To find the updraft velocity in
this case, we return to the momentum
equation and again assume that a
balance has been established between
drag and buoyancy:

w? T
X-z—-gEmTe-l- (38)
These results will be illustrated
later where [compare (26) and (34)]
we will take zt = sz which follows

i f Cp = Cy-

ESTIMATE OF THE INFLUENCE OF
ENTRAINMENT

If we take v # 0 (but, for the
moment, we ignore heat transfer and
drag), the continuity equation can-
not be integrated. It is

- (op W R%) = 20, v_ R (39)

If this is used in the momentum equa-
tion, it becomes

(5]

T T v _w
dy _ _ e
vl g(TE 29 -2 TE R (40)

Similarly for the energy equation,
if we take the total energyv_of the
entrained air to be Ee = (vi/Z) +

5 T, + 9z, we obtain
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%? (x + gz + Cp Tp)

<

T
= -2 _e .
= K w TS [cp (Tp Te)
v 2wt - vg)]. (41)

As yet v, has not been specified.
If we were to use the customary as-
sumption that Ve is proportional to
the updraft velocity, v, = aw the
above momentum and energy equations
become almost identical to the simi-
lar equations used earlier when heat
transfer and drag were included. In
particular, the momentum Equation
(40) is identical if in (32) we take

¢y = 2a Tp/Te, (42)
and the energy equation is essen-
tially the same if in (33) we take

Cy = 2a Tp/Te = Cp. (43)
Consequently, given the crudeness of
the specifications of Vs CD and CH’
it seems inconsistent to modify the
momentum and energy equations any
further because of entrainment, and
we propose to keep in them only the
drag and heat transfer terms.
However, the continuity equation
is significantly altered. If we use

Ve = aWw and then (42) in (39) we

obtain
2
%5 (pp w R™) = %T pp w RZ. (44)

In (44) we might take 28, =%, as
was suggested earlier, but instead
it seems more appropriate to call
2%, a third characteristic (entrain-

ment) length Lot Then (44) yields



2
wR)O

pp ¥ R® = (op exp (z/2.), (45)
which means that the plume's radius
increases at a more rapid rate be-

cause of entrainment.
In Figure 8 these results are il -
lustrated for the case of an iso-
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HGURE 8. An lllustration of the
Influences of: Entrainment on the
Continuity Equation, Heat Transfer
on the Energy Equation, and Drag on
the Momentum Equation for a Buoyant
Plume in an Isothermal Atmosphere.
The (arbitrary) choices of the re-
laxation lengths are 2¢ = 900 m,

2+ = 600 m, ¢ = 300 m. To deter-
mine the updraft velocity, inertial
acceleration was ignored and no ini-
tial velocity was forced. T

o eo ~
275°K, Tpo = 300°K.
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thermal atmosphere. The specific
equations used are (45) with Lo =

900 m, (36) with 2. = 600 m and (38)
with 2= 300 m.

Upon comparing
Figures 7 and 8, the substantial dif-
ference caused by heat transfer is
seen. In Figure 7 it is seen that
drag reduced the final plume rise by
a factor of about 2 from the case
with no drag (for our essentially
arbitrary choice of zm). Now in Fig-
ure 8 it i s seen that heat transfer
reduces the plume rise by about
another factor of 2. Also, the
plume's radius can be seen to be
considerably larger than without en-
trainment and increases almost line-

arly with height for a good portion
of the rise.

HEAT SOURCE IN A MOIST PLUME

So far in this report, we have
cursorily examined the specification
of three of the original four un-
specified quantities (CD,CH,Ve and
Q). MNov we wish to look at the conse-
quences of some heat production Q
and the case of a moist plume may
seem ideal. However, it is not be-
cause besides Q a host of new un-
knowns enter: the mass concentration
of dry air, Pgs water vapor, p

V;
cloud water, fc

w as well as rainwater
or even ice, and there are also the
possibly different velocities for
each constituent. Correspondingly
there is a host of new equations, for
example, continuity equations for
each constituent.

Rather than delve into the full
problem for a moist plume, we propose

just to indicate the effect of Q.



For example, suppose that the plume
is saturated and that entrainment is
negligible. Then the rate of heat
production per unit volume Q is just
L15cw, where L is the latent heat of
condensation and PCw is the rate of
Ignoring
entrainment, conservation of water

production of cloud water.

vapor requires

2

d 2y _ _:
$ (g mg wR") = -P_ R (46)

where m, = pv/pd is the mixing ratio.
Upon substituting Q from (46) into
the energy equation and taking pP 2

pgr We obtain

%Z (x + gz + Cp Tp + Lms) = 0. (47)

If we now use the Clausius-Clapeyron
equation (e.g., Haltiner and Martin,
1957)(9) to evaluate dms/dz and elim-
inate dyx/dz between (47) and the mo-
mentum equation, we obtain for the
plume's lapse rate

y
o] m Te dT Ry Tp
-1
L2 mg
1 —— S5 (48)
c R T
P Vv P

where Ry and R, are the gas constants
for dry air and water vapor, respec-
tively, and Yn is the moist adiabatic
lapse rate. Thus one consequence of
the presence of water vapor (and Q)
is to require that Yq° used in our
previous results, be replaced by Y
Other changes needed to describe a
moist plume, though, include account-
ing for the weight of the cloud water
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in the momentum equation and includ-
ing the cloud water evaporation
necessary to saturate the entrained
air. Such effects are contained in
the cumulus cloud models of, for

(10) and

example, Simpson and Wiggert
have recently been used in a buoyant

plume model by Hanna. (11)

SIMPLEMINDED ACCOUNT FOR A MEAN WIND

Most experimental data for buoy-
ant plumes are given in terms of
plume rise. Briggs(lz) has recently
summarized essentially all the data
and concludes that one of the best
plume rise formulae is the "2/3 law,"
which gives for the trajectory of
the plume's centerline

z =h+ 1.6 Fl/3 x2/3

/T (49)
where h is the stack height, iiis
the mean wind speed at the top of
the stack and F is the initial buoy-
anty flux

2 (50)

F-f1- (bo/P)] & ¥, R,
in which Pe is the average density

of the environmental air. In this
section we present a simpleminded
analysis of the effect of a mean wind
on the plume's trajectory.

To properly account for a mean
wind would be difficult. One way is
to write the conservation equations
using instead of z, the distance s
along the plume's trajectory. This
has been done by Hoult, Fay and
Forney (1969),(13) but the resulting
equations are essentially intractable



for all but numerical analyses. In-
stead, suppose we naively retain our

previous equations, use them to pre-
dict the updraft velocity w(z), and
then assume that in addition the
plume possesses a horizontal veloc-
ity u(z) equal to the mean wind.
Then the plume's trajectory would be
given by the solution to

dz _ dz/dt _ w(z)_

dx  dx/dt  u(z) (51)

Unfortunately, even the above sim-
plified model leads to analytical
difficulties if we choose any of the
expressions for w(z) found earlier

[e.g., (27}, (29) or even (30)]. In-
stead, suppose we were to fit the
resulting w(z) curves with simple
"power laws"

_ 1/r
w(z) = W, (zo/z) (52)

where, for example, we might take
the limiting case r = » if w is con-
stant with height or r = 3 for
Scorer's model of a buoyant plume
in which he assumes the buoyancy
flux is a constant (Scorer, 1970).
Also, suppose that the horizontal
wind is fit by another "power law"

/s

u(z) = u; (z/z} (53)

where Plate(l4)
s =10, 6, 4, 2 for underlying ter-
rains described as open sea, flat
woodland forest and ur-
Upon sub-
into (51),

gives (approximately)

open country,
ban area, respectively.
stituting (53) and (52)
we obtain
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z = h + (constant) (x)rs/(r+rs+s)

(54)

Although (54) does not predict the
"2/3 law,” the exponent 8 = rs/ (r +
rs + s) is surprisingly insensitive
to reasonable choices of r and s.
ble 2 illustrates this statement.
Further, the "2/3 law"™ is not omnipo-
tent, as is illustrated in Figure 9
where we have replotted Briggs' Fig-
ure 5.2 (Briggs), (12) which shows
various plume rise observations in
near neutral conditions (see Briggs
for details) and just added two lines
of slope 8 =1 and B = 1/3,.

Ta-

REVIEW AND CONCLUSION

In the above there may be little
that is new or practical. However,
it has been profitablefor the author
and hopefully it will be useful to
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FIGURE 9. A Replot of Briggs' Fig-

ure 5.2 (Briggs, 1969) (12) Which
Illustrates that Plume Trajectories
(at Least in Near-Neutral conditions)
Satisfy z ~ xB with 1/3 § 8 £ 1. See
Briggs for detail about the experi-
mental data.
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TABLE 2. The Variations of B = rs/(r +rs + S) wth
rand s \Were w = wo(zo/z)l/r, u = uy(z/z7)1/s
T 1 3 6 , 10
s 2 4 6 10 2 4 6 10 2 4 6 10 2 4 6 10

B8 0.40 0.44 0.46 0.48 0.55 0.63 0.66 0.70 0.60 0.70 0.75 0.79 0.625 0.74 0.79 0.83

others to see the derivation of plume
equations fromthe three conservation
laws of mass, momentum and energy

wi t hout any approxi mations other than
the simplifications of top-hat pro-
files, steady-state conditions and
negligible horizontal wind. How
ever, we did assume that the pressure
was the sane inside and outside the
plume, but this appears to be a rea-
sonabl e (and necessary) assunption.

In the resulting equations, there
are four unspecified quantities
the drag coefficient, heat transfer
coefficient, the entrainment velocity,
and the heat production. |If they al
were zero, it was seen that the (isen-
tropic) rise of buoyant plume was too
fast, too hot, too narrow and too
high. Using sinmple relaxation nodels,
we | ooked at the consequences of add-
ing drag, heat transfer and entrain-
ment, and as expected the plume slows
down, cools down, broadens out and
the ultimate plume rise decreases
One effect of noisture condensation
is that where the dry adiabatic |apse
rate previously appeared in the for-
malism it is replaced by the noi st
adi abatic |apse rate.

Though few concl usions can be de-
rived fromthis report, the author
would like to make the follow ng ob-
servations. Viewed by a novice to
the plunme nodeling field, the diag-

nosis of the state-of-the-art is de-
pressing. First there appears to be
a chronic need for nore data, and not
just of plume trajectories since that
appears to be a quite insensitive
test of the nodels. Even for the

si nmpl em nded nodel of the effect of

a mean wind we could not seemto do
worse than predict z ~ A3 0r 2w xl,
and neither extrenme is significantly
different fromthe data. Wat is
needed nost and can be obtained nost
easily is data on the plume's tem
perature. Wth such data, perhaps,
the unspecified quantities can be
specified enpirically.

But there are other items in a
prescription for inprovenent. One is
t o abandon past usage of nonphysica
conservation laws. A second, de-
signed to ease the incorporation of
fresh ideas from newresearchers en-
tering the field, is to do nore than
state equations of "density defect,"”
or "radius change," etc. |If these
equations do not follow fromthe con-
servation |aws, they should either
be presented as postulates or dis-
carded. Third, considerable effort
shoul d be placed on deriving the
"unspecified" quantities fromfirst
principles. Finally, there is a
somewhat personal plea to attenmpt to
find more anal ytical solutions and
rely less on numerical calculations.



Then nore insight will probably be
gai ned on the effect of the assunp-
tions on the results. Besides

there is little point in having an
exact (five or ten significant fig-
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ure) nunerical solution, rather than
an anal ytical solution to an approxi-
mat e equation, if the original equa-
tion nay be wong by nore than an

order of nagnitude.

AN ANALYTICAL SEARCH FOR THE STOCHASTIC-DOMINATING

PROCESS

IN THE DRIFT-DEPOSITION PROBLEM

W. G.

Slinn

The random processes in the drift-deposition problem are ex-
amined separately to see i f any one of them dominates the sta-

tistical

of breakaway points,

properties of the outcome.
are assumed to be the drop size distribution,
and turbulent diffusion.

The three prime candidates
the distribution
It i s seen that

the drop size distribution probably has dominant influence on
the deposition of the large-size (drift or carry-over) drops.
Turbulence has a comparable influence on the deposition of the

small

heights and then dominates for
vided the atmosphere i s not stable.

drops for downwind distances of the order of 10 tower
large downwind distances,

pro-
Uncertainties in details

of how the drops break free from the plume's updraft preclude
an accurate evaluation of this effect and seriously limit the

accuracy of any drift-deposition prediction.

more field data i s needed.

INTRODUCTION

VWen a final outcome is the conse-
quence of a number of intermediate
events, then the prediction of the
outcone can be quite conplicated.
For exanpl e consider the generation
of some chemical conpound which is
the product of a series of chenica
reactions, or as another exanple,
the in-cloud precipitation scaveng-
ing of some pollutant. For the in-
cloud scavenging problemthere are
at least the two processes of first
attachnment of the pollutant to the

To remedy this,

cloud water and then removal of the
cloud water to the ground. In such
exanples of multi-intermediate rate
processes it is valuable to see if
one of the internediate processes is
significantly slower than all the
rest, for thenit will be the rate-
limting stage of the overall pro-
cess, and an estimate only of the
rate of progression of this rate-
limting stage can be used as an es-
timate of the rate of progression of
the overall process. Using this
reasoni ng, we have suggested that



the (overall) "rainout-rate" for in-
cloud scavenging can usually be ap-
proxi mated by the cloud-water renoval
rate (Sinn). (15)

Ina simlar way, imgine that a
final outcome depends on nore than
one internediate stochastic (or ran-
dom) process. Such is the case when
the final outcome is the deposition
downwi nd of a cooling tower of, say,
some chrom um which is sometimes used
as an anti-rust agent in the cooling
system A specific deposition of
chrom um coul d have been carried by
any drop chosen fromthe distribu-
tion of drop sizes; the trajectory
of the particular drop could have
been any of a |arge nunber of possi-
bilities depending on the level of
at nospheric turbul ence; the drop
coul d have broken free fromthe in-
fluence of the plunme's updraft at
any of many locations, and so on
Simlar to the multi-internediate
rate process described above, it is
intuitively obvious that when there
are nultistochastic processes, it is
to our advantage when attenpting to
describe the outcome, to inquire if
one of the random internmediate pro-
cesses has the greatest influence on
t he randommess of the outcome. If so,
then to a first approximtion the
statistical distribution of the out-
conme can be related directly, solely
to the statistical distribution of

what we call the "stochastic-dominat-
ing" (contrast: "rate-limting")
process. Recently we have used this

concept to conclude that in the prob-
lem of predicting the size distribu-
tion of resuspended soil particles,
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it is the size distribution of soi
particles which is the stochastic-
domi nating process (Slinn) .(16)
sinpler exanple is if the outcone
were the mathematical sum of a series
of independent outcomes, then instead
of equating the variance of the out-
come to the sum of the individua
variances, we woul d approxi nate the
sum just by the largest variance.
The purpose of this report is to
describe our attenpt to find the
stochastic-dom nating process in the
drift-deposition problem This
search was made in lieu of solving
the conpl ete problem because, as wil|
be seen, the entire problemis quite
difficult, and, further, it contains
a number of processes whose mat he-
matical description is obscure. Re-
lying only on physical intuition of
the entire process, we conclude that
the three prinme stochastic-dom nating
candi dates are: the drift-drop size
distribution; the randommess of the
poi nt where a drop breaks free from
the turbulence in the plume; and the
turbulent diffusion of the drop's
trajectory fromthe " breakaway"
point to the ground. CQur analysis
plan is to determine the statistica
distribution of the ground-leve
deposition pattern resulting from
each of these three stochastic pro-
cesses acting separately and then
conpare their nagnitudes in an at-
tenpt to see if one can be identified
as having dom nant influence. As
will be seen, the attenpt is only
partially successful. Notation to
be used is shown in Figure 10.
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FIGURE 10. Notation

INFLUENCE OF THE DISTRIBUTION OF
DROP SIZES

If we ignore the acceleration of
the drift drops, then quite generally
we can state that their final loca-

tion (where they hit the ground) is
Xp = X *u t (1)
where

t = z,/v, (2)

and where we have used the tilda (-)
to identify random variables. In (1)
and (2) (gb,gb) are the coordinates
of the breakaway point (in the main
be concerned with the cross-
wind integrated deposition and there-
fore Yb is not significant), uis
the wind speed and Y is the settling
(or terminal) velocity of a drop of a
given size. In this section we ig-
nore the randomness of the wind and

we will

of the breakaway points and seek to
determine the distribution of Xg
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caused by the distribution of drop
Thus we desire the proba-
bility density function (pdf) for Xg

sizes.

(or for g = x; - x,) where
‘- o Zy

~ YS

given the pdf of Y.

This would be a relatively
straightforward problem to solve if
we knew the distribution of drop
sizes. Unfortunately there is very
little data available. What there is
[Wistrom and Ovard: (17) Hanna and
Perry(lg)] can be fit with reasonable
accuracy (given the limited accuracy
of the data, the variability in the
data for different cooling towers,
and the accuracy of other aspects of
the theory presented here) by varying
the parameters in the bimodal ganma
distribution:

f(r) = N1 (2)2 exp (—2) + N2 (%)2
exp (—%)

where f (r) dr is the number of drops
per unit volume whose radii are be-
tween r to r + dr, N, and N, are nor-
malization constants and a and b are
free parameters. For example in Fig-
ure 11 are shown the number and mass
distributions resulting from (4) if
we take a = 10 ym, b = 100 ym and d =
N,;/N; = 107° (we chose d = 107 for
the number distribution since if d =
10'5, the second peak would not have
appeared on the graph).

To determine the pdf of g from (3)
we also need v (r).

(4)

Data is shown in
Figure 12 and we propose to fit the
data with the two analytic expres-
sions shown. Further we propose to

use
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HGURE 11. Model Number and Mass
Distributions as Given by Equation (4)
with a = 10 ym, b = 100 ym and Two
Cases for d = Np/N;: 10-4 for the
Number Distribufion and 10-5 for the
Mass Distribution

r (msec-l), T in pm,

(5)

v_ =08 x 107°
S

for the settling velocity of the
drops in the large-drop mode of (4),
and

o
sec

v

s 1/4

r Z .
(m) » T 1n um, (6)

for the small-drop mode.

To determine the normalization
constants in (4)-let the total amount
of, say, chromium released from the
tower per second be QO. Then
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HAGURE 12. Data and Proposed Analyti-
cal Expressions for the Drop Settling

Speed as a Function of Drop Radius

/

(o)

Tmax 3
4/3 7r

Q pc (wy - V)

R £ (r) dr (7)
where ¢ is the concentration (e.g.,
in grams per gram of water) of chro-
mium in the water (assumed to be the
same for all drops), W, and R, are
the exit velocity and radius of the
plume, and Toax is the largest drop
radius such that Ve Rather
than evaluate (7) accurately, we ap-
proximate it by assuming all drops
Then

<

w
o

leave the tower with speed v,



if the fraction of the total chrom um
that is carried by the large drops is
K, we obtain

- < Q )
N2 = H
4 .4 2 <,
7 ™" pc W, T[RO 5!
(1 - Q
Nl = . (8)

na4 pC W, Tng 5!

[

Finally, after these prelimnaries
we can obtain the distribution of £,

t he di stances downwi nd from the break-

away point where the drops land (ig-
noring turbul ence and variations in
xy and Zp) - During an arbitrary tine
interval T, the nunber of r-drops
that |eave the tower is f(r) dr ng
W, T. After sone delay tine(irrele-
vant if steady-state conditions pre-
vail) these specific r-drops wll

land at 5 to £ + d& where

g = V—T?T' (9)

Thus during a tine interval T (de-

layed fromthe time interval used

above, but of the sane length) the

anount of chrom um deposited at

£ to5 + dg is just

4/3 wro pc ﬂRg wo T £(r) dr (10)

where r is such that (9 is satisfied
For the large drop node we have

vV, = ST. Then the amount of chrom um

deposited by the large drops at £ to
£ + dg during the time interval T is

5
oz
b 2 _
4/3 11( ST > pC wRO wo T f[r = r(g)]

%%I de. (11)
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For the small drop node we use (6)
and obtain a simlar expression.

It is convenient to nondimension-
alize these two expressions for the
anount of chrom umdeposited. The
total anount of chrom umrel eased dur-
ing the arbitrary time interval T is
QOT. Then the fraction of the total
anount of chrom umrel eased, that
lands at ¢ to 5 + dg is

— 6 —
P N I
M 34 [v_r—s b) €| PV ) T

N i -x)
1/2 ~2gr—

Tz q1/2
PV @ e

In Figure 13 we have plotted the
nondi nensi onal fractional flux, zpY
for the a and b val ues used in Fig-
ure lland for k = 0.05 and @ = 5
msec L. The value k = 0.05 neans
that 5%of the total chromumre-
leased is carried by the |arge-drop
nmode. Since vy dg is the fraction of
the flux (or anount) fromthe tower
that lands at 5 to ¢ + dg, then vy
has units of m ! and 2y Y is dimen-
sionl ess. The abscissa is al so non-
di mensi onal i zed with the hei ght of
t he breakaway point, z,- Upon com
paring Figures 11 and 13 it is clear
(and also intuitively obvious) that
the wind sinply "inverts™ the size
di stribution, the larger drops being
deposited closer to the tower. How
ever, it was not inmediately obvious
how the rel ative magni t udes of the
two peaks woul d change, and this is
shown in Figure 13 for the specific
choice of the free paraneters.

dg
T (12)
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INFLUENCE CF TURBULENCE

If we nowignore the variability
in the breakaway point and al so just
concentrate on a single drop size
then we can use the devel opnments of
others to estinmate the influence
of turbul ence(Van der Hoven
Stewart). (19,200 \x take the air
concentration of drops of a specific
size range to be

BNWL-1850 PT3

FEE:
x(x:¥:2) = 7w 5.5, X
boloowe o)
-1z - = (X - X
b a . b (13)

wher e Qr dr is the nunber of r-drops/
sec that break free fromthe fixed

br eakaway poi nt (xb,zb). To obtain
(13) all'one does is replace the
stack height, h, in the usua
Gaussi an pl une nodel by the appar-
ent stack hei ght 2y, - Vg t where t =
(x - xy) /T is the fall tine. W pro-
pose to ignore the effect discussed
by CSanady,(21) nanely, that |arge
drops will not be influenced by the
hi gh frequency nodes of the turbu-
lence. That is we take' a_, and o, in
(13) to be the values obtained for
nmassl ess particles.

The nunber flux to the ground is
just v x(x,y,0). [If (13) is inte-
grated across the nean wind,* then
the linear flux density (particles
n 1 sec’ly s j ust

(14)

* Incidentally it is of interest to
notice that alnost the only sto-
chastic process which influences
the crosswind distributionis the
at nospheric turbul ence and therefore
that one can eerrinentaIIy gain an
i ndi cation of the inportance of dif-
fusion to the deposition pattern



For const ant O, this is a Gaussian
di stribution of x about the nmean
position

<X> =X+ %— Zy v_ # 0 (15)
(which is intu'itivelyobvious since
the fall tinme is z,/vg). The vari-

ance of the distribution of the drift
drops caused by turbul ence is

(cxt)z = (g— 02)2, v # 0, (16)
S

which, at least to this author, is
not an obvious result.

\Whet her or not diffusion is sig-
ni fi cant depends in part on the mag-
nitude of o,. If o, + 0(very stable
conditions), then (14) becones a
delta function about the nean posi-
tion(15). Then the sanme results
wi |l be obtained as were denonstrated
in Figure 13. For unstable condi-
tions, suppose we take o, = kx where
k is a dinensionless constant near
0.1. Diffusionwll broaden the
peaks of Figure 13 and the question
is whether or not the breadth(oxt)
caused by turbulence is larger or
smal l er than the breadth caused by
the drop-size distribution, o,

One way to conpare the stochastic
i nfluences of turbul ence and of the
di stribution of drop sizes is to com
pare the variances of the two distri-
butions. From(12) we have that the
nean position of the deposition from
the large drop node is

(=1

(¢}

u Zy
P |55y g | (17)

* oz 6
<€>=_ _d_é..g b
5! [ vsibi £
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This can be evaluated easily. Sim-
larly the variance for the large
drop distributionis found to be

o d)z =<8 - <g2)) = [—(ET‘T z—b]z
(X Vg 10 (18)
wher e v, (b) is the settling velocity
of drops of radius b (i.e., for b =
100 um, v{b) =* 0.8 msec™!). Upon
conparing (18) and (16) we see that
the ratio of the spread caused by
turbul ence fromsone drop size, r,
(and assuming that it is a Gaussian
di stribution even when o, is a
variable) to that caused by the
large drop size distributionis
approxi mat el y

ot ()

=x_ -
o ()

vg(b) o,

=]_0._—-—-
Vs(r) zy

(19)

Simlarly for the small drops we
obtain

oxt (r) (10 ., 1/2 vg(a) g,
m_ 7—— 5.) VSTT% (20)

X

It is interesting that these ratios
are independent of =,

To determ ne whet her the spread
caused by turbul ence or by the drop
size distributionis greater, we need
a specification of the breakaway
poi nt, Z and. of o_. In Figure 14
we have plotted (19) and (20) for
the case o, = k(x - x;) where k is a
constant, and nondi nensi onal i zed
lengths with 2y, - For the | arge-drop
node we took b = 100 um and v (r) to
be the settling velocity of the
drops at the mass peak of Figure 11
i.e., Vg = vg (500 um) = 4 msec™ L.

For the small-drop node we took a =
10 uym and v, = v (50 um) = 0.25
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FI GURE 14. The Deposition Flux when

the Drop Size Distribution is |gnored
and for a Fixed Breakamaﬁ Point. The
Odinate on the RHS is the Ratio of
the Standard Devi ation Caused by
Turbul ence to that Caused by the Drop-
Size Distribution of Figure 11.

msec™l. Fromthis plot it is seen
that for these particular values of
the paraneters, oxt/oxd << 1 for the
| arge-drop node. For the small-drop
node, the two variances are of com
parabl e magnitude. In Figure 14 we
have al so shown the essence of the
distribution (14) which reinforces
the idea that the spread caused by
turbul ence is negligible for the

| arge-drop node. In this regard,

conpare Figures 13 and 14.
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AN ESTIMATE OF THE BREAKAWAY POINTS

In the above we have ignored any
variability in the points where drops
break free fromthe influence of the
plune's updraft. In fact, none of
the results obtained depended explic-
itly upon the updraft, w_, but the
dependence is inmplicit in the break-
away coordinates (x,,zy). To specify
(xb,zb) is not at all trivial and has
resulted in a number of different as-
sunptions in the literature. For ex-
anple, Hosler et al.("") assuned that
drops of a given size break free when
the updraft in a vertical plune falls
to v for this size. Further, they
assuned w_ falls linearly with z
Rof fman and Grinble(23) apparently
take all drops to the full plume rise
(assumed to be vertical) and let al
drops break free fromthis point. Ap-
parently Wstrom and ovard(17) et
the drops break free fromthe plune
right at the top of the tower. In
this section we present a crude node
to estimate the distribution of break-
away points for different drop sizes.

Al t hough we do not know how to
determ ne the breakaway points accu-
rately, it seems that other authors
have onmitted a fundamental feature:
namely, the influence of the plune's
turbul ence. A vivid picture of its
i mportance can be inmagined by the
reader if he will ask hinself how
close he would stand to a horizonta
jet of sulfuric acid. To describe
this semi quantitatively we wite a
continuity equation for the density
of r-drops in the plumne:



(fdr wR? W As At - -2 TR AS A
(Fl ux) (21)
where (Flux) is the turbulent flux of

r-drops through the plume's boundary.

It seems to us that there are two
conponents to this flux. The first
is independent of the fall velocity
of the drops, and we estimate it to
be

B8 w, R
Kv(fdr) ~ K(der) ~ 20 (ﬂ%)

B
v W fdr (22)

where Kis a turbulent diffusivity
and g/2 is an unknown nunerical fac-
tor. W envision a second conponent
whi ch follows fromthe physical fact
that a drop will not exactly follow
the fluid as it swirls out and then
becomes re-entrained by the plune,
and thereby drops will be sprayed
out fromthe plume's boundary. We
approximate this flux by (y/é) v fdr
where (y/2) is another nunerical
factor.

These assumed expressions for the

flux are now substituted into the con-

tinuity Equation (21). Further, rec-
ogni zing the crudeness of this analy-
Sis, we approximate w d/ds by ii d/dx
(or by w d/dz if there were zero
nean wi nd, but this is a case of
little practical interest). W also
treat Rto be a constant: R = R,
the initial plume radius. Then (21)
can be integrated to give

A"
B —5>X—
£(r,x) = £ (r) exp [_( L_lwo + Y / Fo]
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where £ _(r) is the drop-size distri-
bution at the plume exit. Wth the

above we have the flux of drops from
the segnent of the plume at s to s +
As is

(B Wyt Y Vs) f(r,x) dr nRO As (24)

with f given by (23).

Al though (24) may eventually be a
useful result, it is essentially use-
| ess now, because we have found no
data fromwhich to estimate g and y
Physical intuition suggests 8 =
0(10'2) and y = o(1); in other words,
the large-drop node will be sprayed
out fromthe plume in a few plume
radii downwi nd, and the small|-drop
nmode wi Il al most perfectly follow the
motion of the air in the plume. Con-
sequently, until data becones avail-
abl e, we suggest that it will be
within the order of magnitude of the
accuracy of the entire theory to as-
sume that the coordinates of the
breakaway point for the large-drop
nmode is at the top of the tower
(xy,2,) = (0 ,h) , and for the small-
drop node that nmost of it remains
entrained with the plume. Partly
just to observe the consequences of
this assunption on the results, we
propose to assume that a small frac-
tion, say B, of the small-drop node
does break free fromthe plune right
at the top of the tower.

SUMMARY STATEMENT

The goal of this study was to
search for the stochastic-doni nating
processes in the drift deposition
problem It nust be concluded that



we have been only very marginally
successful in finding such processes,
partly because there appears no
strongly domi nating process and
partly because we have no adequate
model to describe the breakaway pro-
cess. The major positive result,

t hough, appears to be that the drop-
size distribution is the stochastic
dom nating process for the I|arge- (or
drift--or carry-over) drop node. Un-
til further progress is made with
anal ysis of the breakaway points, we
suggest that the breakaway points

for the large-drop node be taken to
be at the top of the cooling tower.
For the smaller drops (essentially
cloud drops) in the plume, it appears
that diffusion and the drop-size dis-
tribution have conparable effects on
the deposition patterns, at |east
within the first ten or so tower

hei ghts downwi nd. At further dis-
tances, unless the atnosphere is
very stable, turbulence will begin
to dom nate the deposition pattern
Again, until further progress is
made with the breakaway problem we
recommend that the deposition of
these small (or cloud) drops be esti-
mat ed using a Gaussian plume nodel
and assuming that the drops do not
breakfree fromthe plune's updraft,
except for some unknown fraction, g,
whi ch breaks free at the top of the

t ower.

ILLUSTRATIVE RESULTS

In the above analysis the main
thrust was to identify the stochas-
tic-dom nating process in drift depo-
sition. Consequently no attenpt was
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made to display the results (however
tentative they may be) in a form

whi ch m ght be useful for applica-
tions (or, nmore appropriately, for
comparison with experinental data

to see if our results are correct)
This om ssion will be partially
remedied in this section by con-
cisely presenting the formulae which
have been suggested

The problem posed is to predict
the crosswi nd-i ntegrated chrom um
deposition downwi nd of a single
cooling tower of height h, source
strength Q, (g chromium sec™ 1y,
and initial buoyancy fl ux Fy (see
Briggs).(lz) The proposed procedure
is first to obtain the drop size dis-
tribution and fromit identify the
characteristics of the large-drop
mode. Next one cal cul ates the depo-
sition pattern of these large
drops, ignoring turbul ence and as-
sum ng the breakaway point is at the
top of the tower. This can be done
numerically sinply using a histogram
fit through the drop-size distribu-
tion, or it can be done analytically.

In the latter case the nunber dis-
tribution of the large-drop node
m ght be fit, for exanple, by a
gama distribution

fr) dr = Ndr (%)v exp (%)

If the amount of chrom um |eaving the
tower, during a tinme interval T,
carried by the large drops is « Qo T,

(25)

then the normalization constant N is
given approximtely by [see (7)]

Kk Q
N = o - (26)

7
4/3 1% oc w, RS T(v + 4)



Then the fraction of the total chro-
mumrel eased in the | arge-drop node
and deposited on the ground on a
strip fromx to x + dx is

_ K T h vt
Y dX = o [vs(b) x]

exP[‘Vg&%D_E] %5. (27)

Once the distribution of these
| arge drops has been found it is
proposed that the deposition flux

of the small drops be found from
vs(?m) XX, y,0) where T is the
radi us of the mass peak (or the mass-
average radius) and where the air
concentration x is given by sonme
Gaussi an plunme model. For exanple,
if the "2/3 law' (see Briggs)(lz) is
used to describe the trajectory of
the plune:

O1/3 X2/3

z_ . =h+1.6 ——— | (28)
p T

F

then the air concentration of the

(cloud) drops could be taken as

L - (1 - ) Q exp | 2
2mo, 0_ T 2
y "z 20
y
[z - (z_ - v X/H)]2
P S
_ : ‘ 209
20
A
Substituting (28) into (29 and nor-

malizing the result by the amount of
chrom um rel eased we obtain the cross
wi nd-i ntegrated fraction of material
that is deposited by the small-drop
nmode on a strip fromx to x + dx
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_dx (1 -« VsUw)

Yy dx 5
VA V2T o
F 1/3 _2/3
1 o)
exp (- h+ 1.6
2 _
2a u
z
- w . (30)
a

Finally we suggest that a fraction
g of the small-drop node be assuned
to break free fromthe plume at the
top of the tower and that their dif-
fusion be ignored. Inreality drops
break free all along the plume's tra-
jectory, but the details of this pro-
cess are not known. Also, as we have
seen, diffusion does becone inportant
at about five to ten tower heights
downwi nd. However, since so many un-
certainties enter into this aspect of
the problem we suggest that these
assunptions and the presence of an
"ignorance" paraneter, 8, can be used
to remi nd us of the uncertainties.
The resulting normalized deposition

flux is [see (12)]

yax - dx 8 (0 - ) [V“ ]3

1
X 5! S(a) X

ar { 0]

Further corrections to this for-
mal i sm shoul d account for drop
evaporation and for cloud depletion
because of deposition, but it is the
author's opinion that the theory is
not yet sufficiently devel oped to
justify these refinenents

The results (27), (30) and (31)
are illustrated in Figure 15 for
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FI GURE 15.

of the Paraneters in Equations (27), (30)
g is the fraction of the snal
assuned to break free at the top o
K is the fraction of the pollutant that
or carry-over)

t ower.
inthe large (drift

1. Large-drop node: v =2, b =
100 um, v(b) = 0.8 msec’!,
K = 1%

2. Smal | -drop nmode: T = 50 ym,
v (ry) =0.25 msec 1, (1 - K =
99%, 8 = 1%and 0.1%

3. Plune: F, = 103 m4 sec 3, h =
50 m

4. Atnosphere: w =5 nsec'l, o, =
0.1 x.

In Figure 15 we have plotted the
di mensi onal deposition flux hy,
where v dx is the fraction of the
chrom umrel eased that lands at x
to x + dx, against nondi mensiona
downwi nd di stance ¢ x/h. Plotted
inthis way the results are al nost

i ndependent of h. Figure 15 denon-
strates the significant consequences

non-

Illustrative Results for Specific Val ues

and (31).
drops which are

t he cooling

is
dr ops.

if there is 1%or 0.1% of the small
drops which break free at the tower
top. We also show the difference
whi ch occurs if v_(¥,) = 25 cm sec’
or 5 cnlsec'l, the latter perhaps
being a reasonabl e deposition ve-
locity if the drops evaporate. |If
the initial buoyancy flux E is
smal ler, then the small-drop peak
will shift closer toward the tower

1

CONCLUSIONS

Earlier in this report a summary
statenent of the results of this
study is presented and it will not
be repeated here. To put our concl u-
sions into perspective we note that
predictions of drift deposition,



especially of salt deposition down-
wi nd of proposed brackish-water cool -
ing towers, are proliferating al nost
as rapidly as are cooling towers.
Concl usi ons being reached include

"The assessnent of the environ-
mental effects caused by drift from
a salt water cooling tower was made
and it was concluded that beyond
sone reasonabl e di stance, usually
within the plant site boundary,
drift does not effect the environ-
ment" (Wstrom and Ovard). (17)

"The nost inmportant result would
seemto be that, when attention is
paid to actual tine of flight of
droplets the salt fallout is not ex-
cessive and it appears that saltwater
will not be acconpanied by unmanage-
abl e environmental hazards" (Hosl er
et al.).(22)

"The predicted salt deposition
rates obtained by this nmodel are
| ower than those derived by currently
used nodel s” (Roffman and Grinbl e,
1973). (23)

From the study presented here we
conclude that drift depostion can not
be predicted at all well; there are
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uncertainties of at least an order of
magni tude, resulting in the main from
the poorly answered question of where
the drops break free fromthe influ-
ence of the plume's updraft. Conse-
quently we are of the opinion that

the calculations in the reports

quot ed above can not be used to
justify significant conclusions with
respect to environmental inpact. How
ever, as pointed out by Engel mann, (24)
whet her or not salt or chromium or
sone other pollutant fromcooling tow
ers will cause significant environ-
mental stress is really not a meteoro-
| ogi cal problem Meteorologists

can, at best, present accurate
predictions of drift deposition to
ecol ogi sts or others conpetent in as-
sessing the resulting environmenta
stress. Further, it is apparent to
the author that it would be much nore
profitable if fewer nodels of drift
deposition were devel oped and, in-
stead, if nore neasurenents were nade.
In this regard the recent data ob-
tained by WoIf et al. (25,26) ig ,

nmost wel come contribution.
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ALE RESERVE CLI MATOLOGY FOR 1973

J

M. Thorp

The Arid Lands Ecology Reserve microclimatological program
will encompass 5 years of monthly maximum and minimum tempera-
tures and monthly precipitation data at the end of calendar year

1973. An interim climatological
planned for publication in 1974.
1973 was the least in the 5 years of record.

summary of these data i s

Bioyear precipitation for
A range fire

burned over some 9,000 acres of ALE land in August.

Precipitation neasurenents at 26
sites on the Arid Lands Ecol ogy (ALE)
Reserve conmmenced in October 1968.
The data collected by the end of 1973
will thus permt 5-year precipitation
statistics on both bioyear (October-
May) and cal endar year periods
Mont hl'y maxi mum and i ni mum t enper a-
tures which have been tabulated for
the same time period, though, are of
less value in a climatol ogical sense
as they are not representative of the
monthly tenperature regime except in
the nost general way. However, since
January 1971 daily data fromtenpera-
ture recording instruments located at
nine sites on the ALE Reserve have
been processed with the nmonthly dat a.
Thus, at the end of 1973, 3 years of
daily tenperature data will be in
hand. Though the period of record
is too short for a valid climatol ogy,
it is felt that a so-called "interim
climatology"” will be of value to
scientists conducting experinments and
research on the ALE Reserve. This
work is planned for early 1974.

On a current note is a presenta-
tion of the October 72-May 73 bio-
year precipitation on the ALE Reserve
(Figure 16). At the Hanford Meteor-
ol ogy Tower, precipitation for this
period showed all months but Decenber
1972 below normal. This apparently
is consistent for the ALE Reserve
al so, though length of record there
precl udes establishnment of normals
for each site at this time. O the
5 years of record, certainly Bioyear
1972-73 had the least precipitation
of all.

On August 13-14, range fires set
by 1ightning burned over about 9,000
acres at the eastern end of the ALE
Reserve. Three climtological sites--
Cal ochortus #191, Beetle Plot 5 #251
and Beetle Plot 6 #260--were Within
the burned area, though only site
#251 was dammged. At that site, the
plastic rain gage and the plastic
frame for the max/min thernomneter
were deformed by the heat. However
the thernometer was not broken. The
heat side of the thernometer is
scaled to 126°F, and the resetting
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May 1

i ndex was driven considerably beyond
that position and into the end of the
tube. Hot water tests indicate that
at least 160°F is required to do this.
A conparison of maxi num tenper at ures
at these sites with others at sim-
[ar el evations, but in unburned areas,
is given in Table 3. Judging from
these tenperatures, only slightly

hi gher than normal summer maxinae, it
seens reasonable to expect that over
nmuch of the burned area the native
grasses will survive.
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Precipitation in Centinmeters of Water
as Measured at 27 Sites on or near the Arid Lands
Ecol 0(9;¥3Reserve During the Bioyear October 1972 to

TABLE 3. Conpari son of Maxi num
Tenperat ures I n Unburned Areas

Site Elevation, Maxi nmum

NO. ft Tenp., °F Comment

191 1250 113 Site near edge
of burn, sparse
vegetation

251 1470 160+ Pl astic gages
def orned, sShel -
ter snudged

260 2480 112 Site near edge
of burn, sparse
vegetation

141 1200 108 Unbur ned area

081 1600 106 Unbur ned area

101 2440 103 Unburried area
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