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FOREWORD

On 30 January 1974, the Secretary of the Army authorized the
Commnander, US Army Dugway Proving Ground (DPG) to support a request from
the Food and Agriculture Organization (FAO) of the United Nations for
services, advice and facilities appropriate in the evaluation of a new
technique using aerial spray for the control of insects, such as the
tsetse fly.

Preliminary evaluation of the new DC-7B spray system at Barstow,
California during 1972 (Reference 1) indicated that additional testing
would be required to characterize the system before commnitment to
operationial use.

A test plan involving 18 to 20 field trials (Table 2-1) at an
estimated cost of $230,000 was prepared by DPG and submitted to the
UN-FAO representative, Midair Inc. (Reference 2). Limitations in
aircraft availability time and funds forced a reduction in scope. A
modified program, with nine trials and less sampling, was developed in
meetings with DPG and Midair personnel (Table 2-2).

This report presents the results of the reduced, nine-trial test
program.

The UN-[AO representative, Midair Inc., was to provide a written
discussion of operational use of the spray system and specific flow
rates observed by their personnel during the trials. These critical
data were not received, and thus the characterization of the spray system
as defined by the five tasks (Par 1.3 of Reference 2) was not accomplished.
However, this report does present the results of significant new develop-
ments in drop-spread-factor determination, analytical techniques, and
mathematical prediction techniques.

The success of this project was attributed to cooperation of all-
personnel and organizations involved in the planning, execution, data
analysis, and reporting. Special acknowledgement is due Dr. Lothar L.
Salomon for his development of a new technique for determining drop-
spread factors on sample cards. The technique was essential to analyzing
drop sizes.

Mr. Thomas A. Griffths developed and validated the gas-chromatography
method for analysis of Endosulfan.

The H.E. Cramer Co. made significant contributions in the test
design and mathematical prediction modeling techniques used in the
analysis.
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CHAPTER 1. INTRODUCTION

1.1 BACKGROUND

A need exists for an aerial spray system for depositing insecti-
cides, pesticides, fertilizers, and seeds rapidly and efficiently
over large forested and agricultural areas. The most urgent current
problems involve insects affecting human health and food production on
the continent of Africa. Spray systems now in use are capable of
spraying small areas, in moderate winds, during daylight hours. Spray
systems for fixed-wing aircraft are limited to small cropduster
aircraft and WW2 bombers, which have limited capacity, speed and range.
Helicopters are similarly limited, as well as by high cost of operation.
Pressing world problems such as epidemics, famines and crop failures
emphasize the need tr improved methods of disseminating insecticides,
agricultural chemical and seeds.

The Food and Agriculture Organization (FAO) of the United Nations
is interested in a new technique of disseminating such materials from
four-engined aircraft. The system is capable of spraying large areas
and has a broad range of application rates. The long range and
voluminous spray tanks equip the aircraft for longer periods of con-
tinuous spraying, with fewer landings for refilling and refueling.
This technique promises to be very useful forproposedFAO projects of-
immediate concern, such as tsetse-fly control and pasture improvement
in drought-afflicted West Africa.

FAO intends to launch a pilot project in a selected African
country (when funds become available) to determine whether four-
engined aircraft is more effective than ground spraying (or aerial
spraying with smaller aircraft) for tsetse-fly control.

The economic impact of the tsetse fly is significant. The fly
occurs throughout tropical Africa, mainly along lakeshores and
riverbanks. Sleeping sickness, a disease transmitted by the fly,
has severely limited the advancement of agriculture into areas other-
wise ideal for crop and cattle production.

The tsetse fly is a member of the Glossinidae family, belonging
to the Diptera order of insects. There are some 20 species, most of
which attack man, with Glossina palpalis and G. motsitans being two of
the most dreaded species and carriers of trypanosomiasis.

Trypanosomiasis or sleeping sickness is a fatal disease unless
the victim receives early treatment. Both sexes of the tsetse fly
carry trypanosomes, represented by several species of Trypanosoma sp.,
which are single-celled parasitic protozoans. The trypanosomes are
transmitted by biting potential victims. The fly itself becomes
infected by biting an infected host. Once infected, the fly can

IH
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transmit trypanosomes for 96 days to any susceptible person or animal
it bites.

It is essential that before committing a particular spray system
to operztional use in the areas cited, characterization and evaluation
tests be conducted with special reference to the droplet sizes and
swath widths.

A preliminary evaluation of a spray system was conducted at
Barstow, California, during 1972 (Reference 1). Results of this test
indicated that additional tests would be required to characterize the
spray system before the commitment to operational use.

A computerized navigational system for precise and accurate
routing of the aircraft during swath spraying has been developed and
found to be accurate within 60 feet. This system could provide a
night-spraying capability at low altitudes.

Dugway Proving Ground (DPG) received a copy of a letter from the
Secretary of the Armiy (Reference 2) to FAD, which addressed testing
of a DC-7 spray system at DPG before adoption of the spray system for
United Nations spray projects. A planning directive was received by
DPG from HQ US Army Test and Evaluation Command (Reference 4).'

DPG is the only North American test site capable of characterizing
aerial spray systems generating aerosols and fine-droplet clouds of
the magnitude described in References 3 and 1. DPG was established
by the Department of the Army to test and evaluate military ordnance,
including aerial spray systems. It has developed the technical
expertise necessary to evaluate complex aerial spray systems. DPG
has extensive test grids, meteorological instruments, sampling equip-
ment, laboratories, and engineering facilities.

1.1.1 Large Aircraft Dispersal System Requirements

The rate of spray application must be variable from ultralow
volume (ULV) to low volume (LV) to cover the various types of sprayI
solutions as well as wettable powders and emulsifiable solutions,
not only for insecticide applications but also for fungicidal and
herbicidal use.

Due to the high operational costs of large multiengine aircraft,
it is essential that the performance of the spray system be very
reliable and the probability of failure be minimized. The only way
that the probability of nonperformance can beminiilized is to install
a dual system complete with a dual power source. This installation
would circumvent the inevitable failures of pump and power source.
Both pump and power source should also have crossover features, and

both have sufficient capacity to carry out the mission singularly.
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In the interests of safety and also to ensure that imbalanced
venting does not result in unequal loading, each tank should be
individually vented externally. The pump should be in a sealed
manifold so that any malfunction of the pump would not allow fluid
into the airc.'aft. The tank compartment should be air-vented, and
allowances for drainage to handle a major rupture should be incorpor-
ated. The flight compartments are sealed against fumes and spillage
and equipped with emergency oxygen supplies.

All aircraft involved in application require some form of
guidance. Large aircraft in large-scale programs requiring the
ability to operate on a global scale with all the inherent problems
of terrain, and support of logistics, need a complete, on-board,
self-contained guidance system. With present technology, the only
suitable system is an inertial navigation system programmed to carry
out a spraying operation and also capable of carrying out its normal
function in point-to-point navigation.

1.2 DESCRIPTION OF EQUIPMENT

1.2.1 Description of Aircraft

The Douglas DC-7B aircraft is a low-wing monoplare with full
cantilever wing and empennage and semimonocoque fuselage, utilizing
fully retractable tricycle-type landing gear (Figures 1 and 2).

The aircraft is powered by four Wright turbo compound, 18-
cylinder, 3,350 cubic-inch-displacement, radial, air-cooled engines.
The engines are equipped with Hamilton Standard Hydromatic, reversible,
autofeathering, constant-speed, four-blade propellers. At sea level,
the engines are rated at 3,250 bhp at 2,900 rpm. Each engine has an
independent fuel system consisting of arn engine-driven fuel pump,
electrically driven booster pumps, fuel strainers, instruments,
selector valves, crossfeed valves, dump valves and chutes. Fuel con-
sumption at cruise is approximately 450 gallons per hour.

The original aircraft served as a commercial airliner with a
carrying capacity of 77 passengers, a crew of five, a baggage compart-
ment with a weight capacity of 13,840 pounds, and a structural maximum
gross weight limit of 126,000 pounds.

Aircraft and engine specifications for Midair DC-lB in sprayer
configuration with readily available 100-octane fuel as follows:

Maximum gross weight 113,800 pounds
Maximum landing gross weight 102,000 pounds
Maximum O-fuel weight 97,200 pounds
Empty weight 68,030 pounds

3
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Operating weight, including crew and oil 70,295 pounds
Maximum payload 26,905 pounds
Maximum load in spray tanks 24,000 pounds

Maximum fuel capacity 4,512 US gallons
Fuel consumption 450 gailons

per hour
Cruising speed 240 knots

A third electrically driven hydraulic system is capable of operating
the spray-system valves for ground loading and for emergency operation
of the valves in the event of both main hydraulic systems failing.

The inlet side of the spray system, including the tanks, under-
went an FAA-witnessed pressure test of 50 psi with no leaks. The outlet
side of the spray system underwent an FAA-witnesseJ pressure test of
100 psi with no leaks. Each of the eight tanks in the system is indi-
vidually vented overboard. The system is pressure-loaded via two
3-inch-diameter camlock style quick-disconnect fittings under the
belly of the aircraft. Dual electronic tank gauges with readouts
are calibrated in tenths of tank, for both the spraymaster and the
flight crew. The tanks are ýalved to prevent a load transfer due
to aircraft altitude. The spray booms and their attachments are such
that they can handle the full output flow from the pumps, and they are
free from flutter and excessive vibration. The boom is equippedwith
adjustable shutoff-pressure checkvalves, which give an instantaneous
clean shutoff. The spraymaster has an accurate display readout of
the following parameters: boom pressure, flow from each spray pump,
and pressure of each hydraulic system.

As well as meeting the pressure test, the components of the
spray system are constructed of the following materials for chemical
resistance: aluminum, stainless steel, Teflon, and chemical-resistant
tubing with MCP and Teflon liners. Buna-N and Viton are utilized only
in the case of static seals. Each boom has a cleanout port, and each
pumping chamber has a drain to permit the system to be flushed without
dismantling.

1.2.3 Description of Spray System

General. The system installed in a Douglas DC-7B type aircraft
consists of eight 556-gallon tanks installed in two rows of four
tanks in the main cabin area. These tanks are individually vented to
the outside of the aircraft with a 3-inch-diameter vent line connected
to a ram scoop. The tanks are connected in parallel pairs. The fluid
level of each tank is measured by an electronic gauge connected to 3

a panel-mounted display, one in the spray-master console and a duplicate
in the copilot's roof-instrument panel. The display consists of eight
rows of solid-state lights mounted in vertical position, 11 lights
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in each row. When all lights are "ON", the tanks are full. As the
level drops, the lights go out; this gauge gives instant reference
to the aircraft load at all times. (See Figures 3, 4, 5 and 6.)

The full-span aluminum boom with a cross-sectional area of
8.1416 square inches is mounted above the trailing edge of each wing
with a capacity for 150 outlets; outlets are reinforced 318-inch
pipe-thread bosses spaced 8 inches apart. This allows the operator a
variety of options permitting application ratios from less than 1 ounce
per acre (73 ml per hectare) to 60 ounces per acre (4.38 liters per
hectare) with a 3,000-foot (914.4-meter) swath width.

The pumping system consists of two submerged centrifugal anti-
foaming pumps, hydraulically driven. Each pump is mounted in a sealed
manifold in the after baggage compartment.

Tanks, pumps and booms are all connected through a valve mani-
fold with hydraulically operated valves. The valve arrangement will
allow any pair of tanks to be fed to either pump. The system under
general operating conditions only requires one pump, and failure modes
have been established to allow the aircraft to operate with both spray
and hydraulic system failures.

The hose used to connect all systems is resistant to most known
chemicals and acids, and all connections to tanks, pump, etc., are
of the quick-disconnect type.

The system is loaded from two 3-inch quick-disconnect loading
ports in the belly of the aircraft at the wing root.j

Pump manifolds have dry-break drain fittings in the belly, which
permit the insecticide to be completely drained from the aircraft.

A spraymaster control console and seat have been installed at
the rear of the fuselage cabin area. The console is designed to allow
the operator to regulate the application rate, to monitor the pressure
and flows, and to instantly change from left or right system if required.
Installed on the console is a separate oxygen system complete with
smoke mask; also, microphone and telephone jzcks for commnunications with
forward crew. The microphone is operated by a footswitch. (See Figure 5'

1.2.4 Description of Hydraulic System

To provide an adequate source of hydraulic power to operate the
dispersal pumps and valves, and to ensure a satisfactory backup system,
hydraulic pumps were installed on the two outboard engines, each rated
to operate the spray system by itself (25 gallons per minute at 3,000
psi). A 50-gallon reservoir is mounted n top of the forward end
of number 6 spray tank; mounted on the reservoir is an electrically

(continued on page 12)1
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driven hydraulic pump, a source of hydraulic power for ground and
emergency operations. Each pump has an independent inlet to ensure
an adequate supply of hydraulic fluid should a failure occur. Also,
the reservoir has a warning horn which sounds the instant the level
falls below 60 percent of full capacity.

The vialves, pressure reducers, regulatCors, etc., are mounted
on a panel originally designed for the aircraft heating and air-
conditioning unit.

A firewall cutoff valve is installed on both outboard engines
and controlled from the conmand-pilot position. Also, the aircraft
pi'lot has the control of switching on or off each system or operating
the dump valves in an emergency.

1.3' RATIONALE

Experience with the DC-7B aerial spray system, as described in the
1972 report by Randall anid Zyistra (Reference 1), shows that droplets
emitted -from the spray boom installed on the wing of the aircraft
are quickly swept into the slipstream and wing-tip vortices. Immediately
behind the aircraft, the combined vortex tubes containing the spray
droplets have an overall horizontal dimension normal to the flight
path and approximately equal to the wingspan (127 feet), and an esti-
mated overall vertical dimension approximately one-third as large (40
feet). The rotational velocities within the vortices are thought to
be initially about equal to the speed of the aircraft but decrease
rapidly as the individual vortices expand and combine to form a conical
spray plume extending for long distances behind the aircraft. Within
a few minutes after the spray has been released from the aircraft, the
spray plume attains an estimated lateral dimension normal to the flight
path of about 2,000 feet (600 meters). For spray altitudes of 150 to
200 feet, it appears that the lower edge of the spray plume first
touches the ground within 30 seconds to 1 minute after release. The
rotational velocities in the portion of the spray plume that first
touches the ground are not known, but existing theory and experimental
knowledge indicate they are relatively small, with much higher
rotational velocities expected near the center of the plume Just
below flight altitude.

It appears that the spray plume reaches approximate equilibrium
with the air within 2 to 10 minutes after release, depending on wind
speed and turbulence. Before this approximate equilibrium, the de-
position of spray droplets is principally controlled by the decaying
vortex circulations and the effects of the wind in transporting the
vortex-dominated spray plume downwind from the flight line. Once
approximate equilibrium has been attained, the deposition of spray
droplets is principally determined by meteorological factors and the
settling velocities of the spray droplets.

12



To achieve a satisfactory understanding of the swath width and
deposition patterns of the DC-lB system requires a comprehensive field
measurement program, which provides for detailed measurements of swath
width, deposition patterns, initial drop-size distribution in the spray
plume, downwind spray concentrations and deposition for various flow
rates and under various meteorological conditions. In the design of
the measurement program, it was important to recognize that there are
two sets of time and space scales of interest. As pointed out above,
the effective swath width and the deposition pattern within a few
thousand feet of the flight path are principally controlled by the
vortex circulations produced by the passage of the aircraft. These
vortex circulations last only minutes after release. Documentation
of the effects of these circulations required a relatively dense net-
work of measurement points covering approximately 1 square mile and
extending vertically to a minimum height of 300 feet.

Measurements made within this dense network must be supplemented
by rapid-sequence photographs to obtain as complete details as possible
on the growth of the spray plume and the properties of the plume during
the first few minutes after release until approximate equilibrium is
achieved. The second set of time and sprc:e scales of interest is
identified with the history of the spray plume after approximate equi-
librium has been achieved and the plume is transported downwind. For
this purpose, the density of the measurement network must be significantly
decreased and the areal extent of the network increased to cover maximum
downwind travel distances of the order of 20 miles and maximum transport
times of the order of a few hours.

In addition to providing documentation relative to swath width and
deposition patterns, the measurement program must also provide the
information required for developing and implementing mathematical
models for predicting the behavior of tht~ spray plume during the two
stages of plume development mentioned above. For modeling the first
stage, it is necessary to know as much as possible about the initial
drop-size distribution, details of the vortex circulations and the
gr-,qth of the spray plume associated with the expansion of the vortex
tu~es and the decay of the rotational velocities, which culminate in
approximate equilibrium with the air. For modeling the second stage of
plume behavior, it is necessary to know the properties of the spray '

plume (cloud dimensions, drop-size distribution and location in space)
at approximate equilibrium. This information is used to establish the
initial conditions for the second stage. Additionally, the wind speed,
wind direction, air temperature, humidity, and turbulence must be known
for the air mass in which the spray plume will be transported downwind.
As a minimum, mek-isurements are required of these meteorological para-
meters fronm the surface to 5,000 feet, taken near the flight line and
at least one other distance along the downwind plume trajectory. Simi-
lar meteorological information is also required within the first 500
to 1,000 feet to model the first phase. The requisite meteorobogical

13



data are provided from tower measurements, pilot-balloen (PIBAL) sound-
ings and rawinsonde soundings.

Acquisition of above spray and meteorological data and their use
in conjunction with the mathematical prediction models facilitates
the evaluation of the field data and provides an objective method for
predicting the results of spray releases in other meteoeological and
geographical regimes. It is believed that existing models were adequate
for predicting the plume behavior during the second stage; however,
modeling techniques for predicting plume behavior during the first stage
will require additional testing and improved sampling techniques.

Sampling and assessing spray droplets less than 100 micrometers
in diameter present technical challenges. The Midair system was
designed to generate droplets less than 100 micrometers in diameter.
These preliminary field trials involved the evaluation of measurement
techniques to determine the procedures best suited for determining
drop-size distribution, deposition patterns, and air concentrations of
spray material at the variou downwind distances. Therefore, to insure
maximum accountancy of the spray material, a combira-it4on of deposition
and impaction samplers were required, al(ig with laboratory assessment
techniques (including droplet counting and sizing a:id chemical analysis).

Four basic types of samplers were employed; the Printflex-card,
rotorods (H- and U-shaped), filter paper wrapped on a 2.5-inch-diameter
can, and an inert cylindrical sampler (pipe cleaner).

The Printflex-card is a horizontal deposition sampler, which provided
data on droplet size distribution and mass deposition at the ground.
The two inert aerosol samnplers used were a 2.5-inch-diameter can wrapped
with Printflex-card stock and a 2-mm-diameter pipe cleaner. The pipe
cleaner sampler provided data on mass deposition of the cloud in the
vertical plane near the release line. The wrapped can provided qualitative
data on the droplet sizes in the aerosol cloud.

In one trial, fluorescent particles (FP) were added to the spray,
and rotorod samplers equipped with both H- and U-type rods were placed
downwind to provide qualitative data on downwind drift of small droplets.

The sampling and analyticai techniques, as well as the cloud-predic-
tion modeling techniques developed, proved highly effective in the analysis
and interpretation of test data. However, additional trials and operational
data are necessary before the test data can be applied to the characteri-
zation of the spray system.

14
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(COPY)

DEPARTMENT OF THE ARMY
WASIINGTON.D.C. 23O10

3 0 JAN 1974

Mr. Howard R. Cottam
North American Representative
Food and Agriculture Organization

of the United Nations
1325 C Street, Southwest
Washington, D. C. Z0437

Dear Mr. Cottam:

The Secretary of Defense has asked that I reply to your
letter of 14 January 1974 (Reference GP-4. 1/AN- 19) concerning
testing of an aircraft, for tsetse control by aerial spraying, at
Dugway Proving Ground.

The Army would be willing to cooperate in such a testing
program under the following conditions:

a. The tebting would be done at a time convenient for
the Deseret Test Center$ and not interfere with accomplishment
of assigned tasks.

b. The Army will cooperate, by providing scrvices,
advice, and use of facilities as considered appropriate by the
Commanding Officer, Deseret Test Center.

The Commanding Officer, Deseret Test Center, Dugway
Proving Ground, Utah, has been provided a copy of this letter
and is authorized to discuss the matters mentioned above with
appropriate officials. I

Yours sincerely,

(SIGNED) HOWARD H. CALLAWAY

Howard H. Callaway
Secretary of the Army

Copy furnished:
Commanding Officer, Dugway Proving Ground, Utah 840ZZ
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DEPARTMENT OF THE ARMY Mr. Kadel/hcw/870-2172
HEADQUARTERS. U. S. ARMY TEST AND EVALUATION COMMAND

ABERDEEN PROVING GROUND, MARYLAND 21005

S: 22 Apr 74

sTE•N-• 9 MAR 1974

SUBJECT: Planning Directive for Customer Test of UN Aerial Spray
Equipment, TECOM Project NO. 5-CO-153-000-02q

Commander
US Army Dugway Proving Ground
ATTN: STEUP-PC
Dugway, UT 84022

1. REFERENCES.

a. Letter, Food and Agriculture Organization (FAO) of the United
Nations (UN), 14 January 1974, to Secretary of Defense, copy to USADPG.

b. Letter, Secretary of the Army, 30 January 1974, to Mr. Howard
Cottam, FAU, copy to USADPC.

c. Letter, AMCRD-U, HQ, AMC, I March 1974, subject: Testing of
Aerial Spray Equipm3nt at USADPG (Incl 1).

2. BACKGROUND. Reference Is requests Department of Defense cooperatic'1
in testing aerial spray equipment for control of the tsetse fly in
Africa. Reference lb advises that USADPG will provide such support as
considered appropriate by Commander, USADPG,

3. QESCRIPTION OF MATERIEL. See inclosure to reference lb.

4. T•ST OBJECTIVES. Calibration of the system and determination of droplet
size and swath characteristics.

5. RESPONSIBILITILS. USAIPG will prepare the draft outline of a test
plan for submission by COB 22 April 1974.

b. SPECIAL IiNSTUbC'TIONS.

a. The cost of providing services, advice, and use of facilities as
directed by US Army Materiel Command, reference lcg will be obtained from
OL14 funds.

Ii
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ANST-NB 
J9 MAR 1974

SUBJECT: Planning Directive for Customer Test of UN Aerial Spray
Equipment, T.COM Project NO. 5-CO-153-000-029

b. A cost estimate will be submitted to this Headquarters by COB

22 April 1974.

7. SAFETY. To be specified by sponsor,

3. IEST PIAN AND REPORT. To be specified by sponsor,

", SECURITY. This project is unclassified.

FOR THE COMMANUER:

1 Incl z WILLIAM SKHREVE

as Technical Director
NBC Mat Testiug oirectorate

(END COPY)
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CHAPTER 2. SUMMARY

2.1 PURPOSE

The purpose of this test was to investigate the DC-7B spray
system.

2.2 OBJECTIVE

The objective was to characterize the DC-7B spray system by the
following:

a. Measurements of the spray drops at three flow rates (95, 227
and 871 liters per minute).

b. Characterization of the spray swath according to ground-
deposition density, cloud shape and drop sizes for the three selected
flow rates.

c. Determination of input parameters required by tinsport-
diffusion models used to predict the atmospheric behavior of the spray
cloud.

2.3 SCOPE

The original two-month project comprised 18 to 20 trials (Table
2-1. Fourteen trials were scheduled for the aerial-spray grid (ASG) at
DPG to obtain data oA: (1) the droplet spectra; (2) dissemination
efficiency; (3) rnass distribution within the vertical profile of the
spray cloud; (4) input parameters for modeling the spray behavior; and
(5) downwind drift of the spray cloud for each of three flow rates. Six
trials were scheduled for the downwind grid (Target S) at DPG to obtain
swath-width data for the three flow rates. All trials at t-he ASG and
downwind grid were to be conducted in winds of 5 to IS~ and 0 to 15 miles
per hour at release height, respectively. Wind-direction limitations for
the ASG and Target S trials were to have been normal to the relIease line
+ 15 degrees and + 30 degrees, respectively. Test methods were specified
in Reference 1.

Midair, the UN FAO representative, requested the project be reduced
to a 2-w&Lk test because of funding limitations and availability of the
aircraft. The revised project (Table 2-2) consisted of six ASG trials
and three Target S trials with one downwind-drift trial incorporated into
the ASG matrix when favorable meteorological conditions were forecast.
The meteorological limitations were identical to those imposed on the
original test matrix.

(continued on page 23)
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"Table 2-2. Revised scope of testing

Application Number Test
H Rate of Grid SAMPLERSA Trials

S Oz/Ac GPM Position Type Number
S. ... ner't C ylinde• 92

3 Vertical (Pipe Cleaner)
(20 mg/m 2 ) 25 2 Beer Can Cyl.

"__...._ ASG Printflex
(300-ft Filterpaper

2) tower)
1 (35 mg/•n2) 60 2 tor.

S0 Upwind Printflex 18

S~Hor.
(140 mg/in) 230 2 Dor. Printflex 743ownwind

S3 25 l Downwind H
321. Grid (3- o

mile sq. r
w/3dense t i

L1. lines a z Printflex 315
*r4 5 60 normal

t to wind) n
20 230 1

KAGc Vertical Same as phase 1
(15-mile
downwind

"44 :w/300 ft
3- 56 tower) Hor. Same as phase 1

3 • 5 60 1Upwind plus Rotorods 70
from tower to 15
miles downwind

Printflex 114

a
In this trial, the 30-meter meteorological sampling mast will be decorated.

b
This trial will be conducted when prefrontal winds are available as part
of Phase 1.

C
Rows 390, 678, 966, West Downwind, 523 and Hwy 101 will be used with
samplers spaced at 150-foot intervals.

22
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Twelve trials were conducted during October 1974. Acceptable data
were obtained in five trials, and partial data were obtained in five
trials. Spray rates ranged from an estimated 0.07 to 4.38 liters per
hectare. In the four Target S trials, the flight path was approximately
parallel to the wind direction (the system malfunctioned in one trial).
In seven of the eight ASG trials the flight path was approximately
perpendicular to the mean wind direction. Requisite data for character-I
izing the vertical-profile mass distribution and dissemination efficiency
were obtained in only three of the eight ASG trials because of a com-
bination of inadequate win~d speeds and a system malfunction. Meteorological
limitations imposed in the test design were waived by the UN FAO
representative because of the limited period of aircraft availability.

The flight altitude of the aircraft during the trials was approximat-
ely 50 meters above the ground. Two types of spray carrier were used.
Duphar, a trade-name solvent of low volatility, was used in Trials 1-6
and 1-7. In the remaining ten trials, No. 2 fuel oil was used. Dupont
oil red dye was addied to both types of spray carrier as a tracer.
Deposition measurements were principally obtained by placing Printflex-
cards on the ground before each trial (see Figure 2-1). Spray droplets
deposited on the cards produced red stains that were counted and sized by
microscopic analysis. This information was used to calculate both the
drop-size distribution and the total mass of spray material deposited on
each Printflex-card. A summary of trials actually conducted is contained
in Table 2-3.

(continued on page 26)

23

A-



' .

i .t

Figure 2-I. Printflex Card Sample
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2.4 METHODS

A detailed description of the test-design concept, field test
methods, data acquisition, and associated physical and chemical
assessment techniques is presented in Chapter 3 and Appendix A.
Methodology unique to this test is summarized below:

2.4.1 Spray Formulation and Tracer Materials

Characterization of this aerial spray system required the use

of a combination of tracer materials (C1258 red dye, fluorescent
particles and the chemical Endosulfan) and sampling methods.

a. C1258 red dye was used as a tracer in Number 2 fuel oil and
Duphar to permit semiquantitative assessment of (1) mass deposition
and droplet distribution at ground level from the release line
to 5 miles downwind; and (2) the vertical distribution of the spray.

b. The system characterization was upgraded by usinr (1) Endo-
sulfan to lower the mass detection limit for assessment of the
dissemination efficiency of the system, and (2) fluorescent particles
to permit detection of the downwind drift of the spray cloud to beyond
10 kilometers.

c. Selected physical properties of the two materials were
measured to provide input parameters for mathematical modeling and
safety information for spray operations.

d. The drop-stain relationship of the two materials collected

on Printflex-card samplers was determined using laboratory techniques.

2.4.2 Sampling

a. Printflex-card samplers were used to measure spray deposition
on the ground. The droplet size distribution was evaluated using
three methods to estimate volume mean diameter, mass median diameter
and deposition density for the spray patterns. Characterization of
the area covered by deposition densities of interest were developed
from these data.

b. A 98-meter vertical sampling tower equipped with impaction
samplers was used to (1) obtain data on the mass distribution within
the spray cloud from 0 to 92 meters above terrain, (2) to obtain data
"required to estimate the amount of material available for downwind
transport or the dissemination efficiency of the system.

c. Rotorod samplers were used to collect fluorescent particles
dispersed in the spray out to a distance of 10 kilometers. These data
were used to characterize cloud intensity at long distances downwind
and to provide empirical data for comparing model estimates.

26
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2.4.3 Meteorological

Wind speed, wind direction, temperature gradient and the vertical
components of wind direction were measured on 98- and 32-meter meterolog-
ical towers. Surface observations and pilot-balloon (PIBAL) measurements
were taken in the vicinity of the release line. These data were used
to characterize the meteorological conditions associated with each trial
and to develop input parameters for mathematical models.

2.4.4 Photographic

Mitchell cinetheodolites and 35-mm multidata fixed cameras were
F used to obtain data on the length of the spray release line, and the

height, speed and heading of the aircraft during dissemination. These
data were used in the dissemination efficiency estimates and to develop
input parameters for the transport model.

2.5 RESULTS

2.5.1 Spray Formulations

a. In seven trials, the No. 2 fuel oil contained 0.49 + 0.09
percent of C1258 red dye. In two trials the Duphar carrier contained
0.435 + 0.05 percent of DuPont oil red (C1258) dye. In one trial, the
fuel oTl corntained 1 percent Endosulfan, 0.5 percent C1258 dye and 1
percent fluorescent particles

b. The selected physical properties measured for the fuel oil
and Duphar used in the test are given below:

Physical Property Fuel Oil Duphar

Density (gm/ml) at 200 C 0.847 0.87
Flash Point (OC) 38 111
Kinematic Viscosity (C.) at 4.3 8.3

250 C
Evaporation Loss (% per hour)

110 0.24 2.56X10- 5

24.4 C 0.21 9.78X10-

2.5.2 Chemical Analysis

a. The lower detection limit for Endosulfan using the gas
chromatography method developed at DPG was 0.01 microgram per milliliter
or 0.2 microgram per sample. The detection range was 0.01 to 5.0 micro-
grams per milliliter. The extraction efficiency for Endosulfan in
n-heptane spiked with Aldrin (used as an internal standard) and 0.1 N
sulfuric acid for a concentration range of 0.1 to 1.0 microgram per
milliliter was characterized by the following expression:
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y =1.03 -0.12 X
where:

y =the reciprocal of the proportion of
Endosulfan extracted (correction factor)

1.03 =intercept

X =log of Endosulfan concentration

b. The lower detection limit for C1258 dye in fuel oil usingit ultraviolet spectrography and Duphar was 0.3 microgram per milliliter
over a nominal concentration range of 0.5 to 2.5 micrograms per milliliter.
Te average sensitivity of the analysis was 0.34 absorbance unit per
mcrogram per milliliter.

2.5.3 Dissemination Efficiency Estimates

Dissemination efficiency was estimated in five fly-by trials.
Pk I The estimates for Trials 1-2 and 1-3 are low because the vertical extent

of the spray cloud was not contained by the sampling tower. The dis-
semination efficiency estimates for the Duphar trials 1-6 and 1-7 were
twice as large as the good fuel oil trial (Trial 1-5). It is suspected
this observation was caused by loss of fuel oil by evaporation. The
estimated efficiencies are suspect, because the actual flow rates (source
strength per unit length of the disseminiation line) are unknown. The
effective source strength and dissemination efficiencies assume the
programmed flow rat,ýs to be correct but cannot be verified. However,
the vertical recover~ies obtained on Trials 1-5, 1-6 and 1-7 indicate
the programmed flow rateýA of 60, 60 and 25 gallons per minute were
probably correct. The dissemination efficiences, average meteorological
conditions and aircraft operational parameters are summarized in Table
2-4 and 2-5.

2.5 4 Meteorological

Table 2-6 is a summary of the meteorological parameters for this
test.

2.5.5 Swath Widths

A summary of the swath widths based on selected deposition density
(mass) levels of 4, 12, 36, and 108 milligrams per square meter is given
in Table 2-7. The width of the swath for areas receiving more than
10,000, 30,000, 90,000 and 270,000 drops per square meter with diameters
less than 75 micrometers are also tabulated. These data should not be
used to imply swath widths for either material or differences in the
coverage for the two materials, since the programmed flow rates have not
been verified and the sample size is inadequate to reflect a reliable
indication of expected performance.

(continued on page 34)
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2.5.6 Droplet Spectra

The volume median diameter (vmd) and number mean diameter (nmd)
for each trial were estimated using the techniques described in Appendix
A; the values are tabulated in Table 4-5. The vmd and nmd for the two
Duphar trials (Trials 1-6 and 1-7) were 65.5 + 3.5 micrometers and
45.5 + 2.1 micrometers, respectively. The vmd range for the eight trials
using fuel oil ranged from 50 to 71 micrometers. The mean vmd was 57.1
+ 6.47 micrometers. The nmd range for the fuel oil sprays was 31 to
-57 micrometers, with a mean of 36.0 + 8.62 micrometers. The cumulative
percent of mass associated with the range of droplets measured in each
trial in which the prograimmed flow rate was 871, 227 and 95 liters per
minute (230, 60 and 25 gallons per minute) are given in Figures 2-2,
2-3, and 2-4, respectively. The cumulative numerical distribution for
the range of droplet sizes measured in trials with flow rates of 871,
227 and 95 liters per minute are given in Figures 2-5, 2-6, and 2-7.
These data were used to generate the droplet data inputs, i.e. the
settling velocity_(Vs.) and the fraction of mass (fi) for each mean droplet
diameter, Table 5-2.

2.5.7 Mathematical Model of DC-7B Spray System

The data obtained from five acceptLable trials (Trials 1-5, 1-6,
1-7, 2-2R and 2-3) were used to develop the input parameters for a
mathematical deposition model by H.E. Cramer, K.R. Dumbauld, et al.
The model was used to estimate the axial deposition densities of the
spray pattern as a Vunction of downwind distance. The axial deposition
densities right and left of the flight path were also estimated. The
model and actual values were comparable indicating the model is valid.
In this analysis, the estimates of axiai deposition density
were restricted to a downwind distance of 10 kilometers.' No attempt
was made to estimate deposition density directly below the flight path.
Such estimates would require detailed knowledge of the trailing vortices
and the interaction of the vortex system with the spray droplets and
the atmosphere during the first 60 to 100 seconds after discharge of
the spray. The general effect of wingtip vortices on the shape of the
spray cloud was also investigated. The lateral source dimension of
the spray cloud cyo was estimated as 20 meters (corresponding to a cloud
diameter of 84 meters or three wingspans of the aircraft).

The results achieved with this model strongly imply that the
downwind drift of spray clouds can be estimated using a modified
form of the generalized concentration-dosage model for elevated
line-source releases available at DPG. The model development and results
are detailed in Chapter 5.

'Evidence of spray cloud drift 10 kilometers downwind of the release line
was verified by FPs collected on rotorod samples in Trial 1-5. These
data are contained in Appendix B.
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Figure 2-4 Cumulative Mass Distribution of Droplets as
a function of Droplet-Diameter
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Figure 2-5 Cumulative Numerical Distribution of Droplets
as a function of Droplet Diameter.
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Figure 2-6 Cumulative Numerical Distribution of Droplets
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CHAPTER 3. FIELD-TEST METHODS

3.1 TEST CONCEPT

3.1.1 Test Design Factors

a. The test concept, field test and assessment methods used
were predicated on the need to acquire empirical data to characterize
the performance of a DC-7B aerial spray system. The four critical types
of data required to evaluate aerial spray systems are:

(1) The amount (mass) and associated droplet spectra of
the spray at ground level.

(2) The droplet-size distribution and application rate
achieved by the system for various flow rates and meteorological conditions,
release height, flight direction and speed.

(3) The effect of spray operational parameters and meteorolo-
gical conditions on downwind drift.

(4) The swath width of the spray at selected deposition
levels over a range of operational spray parameters.

b. Printflex-card samplers (Figure 3-1) were used to collect
the droplets deposited at ground level. These samplers were assrssed
using two automatic droplet-sizing and counting systems supplemented by
manual counting and sizing. Droplet data were evaluated to estimate the
mass, number median diameter (nmd) and volume median diameter (vmd)
collected with these data to estimate the mass and number of droplets
within each selected droplet size increment for each sampling site in
the deposition pattern.

c. The vertical mass distribution of the dissemination line was
evaluated to define the shape of the released cloud near the dissem-
ination line, the dissemination efficiency of the system and the effect
of aircraft turbulence on the cloud.

A 300-foot sampling tower equipped with wind speed and direction
instruments and cylindrical impact samplers was used to estimate the mass
distribution of the spray as well as vertical expansion of the cloud during
initial downwind travel. Qualitative estimates of system efficiency were
also obtained. The tower is shown in Figure 3-2.

d. The reduction of mass deposited at ground level from the release
line to a downwind distance of 2 to 5 kilometers was estimated. Sampling
lines 10 to 15 miles downwind of the release were used to obtain evidence
of the downwind drift of small droplets.
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Figure 3-1. Printflex Card, Deposition Sampler
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Figure 3-2. Vertical 300' Sampling Tower
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A variety of sampling and assessment methods were employed
to provide information needed for a preliminary evaluation of the spray
system and to isolate shortcomings of the test design. The evaluation
of the data will permit improvement of test methods for the collection
of quantitative data.

e. Accurate measuiements of release height, aircraft speed,
and length of the spray line using photometric techniques were required
to evaluate the effect of the aircraft operational parameters on the
resulting deposition pattern and computation of cloud displacement and
cloud configuration immediately after release.

3.1.2 Basis of Sampler Selection (References 1-12)

DPG has routinely conducted investigations to (1) develop
efficient sampling methods required to assess vapors, particulates, coarse
aerosols, (droplets hzving diameters >200 micrometers) and mixed aerosols,
(droplets having diameters of 10 to 150 micrometers); (2) determine the
collection efficienc~y of a variety of sampling devices for the assessment
of vapor-particulate concentration, deposition d1ensity of spray fallout,
and fluorescent tracers; (3) develop empirical techniques to define the
influence of inicrometeorological parameters, mesoscale circulation,
atmospheric structure, and diffision phenomena on cloud transport,

I'I

deposition, and d,.pletion; and (4) develop and design field sampling
arrays for various dissemination methods.

a. The collection characteristics of Printflex-card samplers,
Kromekote samplers and filter-paper samplers were compared, and signif-
icant differences in droplet definition or mass accountancy were isolated
(1, 2, 3, 4). Hence, Printflex-card samplers were selecte6 for assessment
of deposition at ground level. These samplers have demonstrated a
capability to provide satisfactory results in the assessment of spray
systems dispersing the same mixture.

b. Results given in References 4 and 5 indicate that the
collection efficiency of pipe cleaners for droplets 5 to 150 micrometers
in diameter is >90 percent at wind speeds of 1.0 to 8.0 meters per
second. The pipe cleaner is significantly more efficient in the collection
of a mixed liquid aerosol than glass rods or rolled filter paper. The
expected volume median diameter for this system was below 70 micrometers;
therefore pipe cleaners were the samplers of choice for assessment of the
vertical cloud profile anrd for the estimation of decrease in aerosol mass
1.5 meters above terrain during downwind travel.

c. The influence of meteorological parameters on deposition
patterns and cloud depletion have been extensively documented (References
8 to 10). The meteorological instruments used in support of this program
have provided the data required for parameter estimates.
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d. The minimum number of samplers and the grid configuration
required to obtain optimum sampling results for a variety of dispersal
methods is documented in Referen~ces 11 and 12. The grids used
'in this test were designed to obtain the data needed to evaluate the
test objectives un~der the meteorological restrictions and flight patterns
imposed.

3.2 METHODS

3.2.1 Spray Formulations

Three spray mixtures were used in this test. The ingredients
for each trial are shown in Table 3-1. Specific details of the mixtures
and problem areas encountered are given on the following page.

3.2.1.1 Fuel Oil, No. 2/Cl 258 Red Dye. Fuel Oil No. 2 was dyed
with CI 258 Oil red dye at the rate of 5.0 grams per liter (0.5 percent).
Efforts to suspend 6.0 grams (0.6 percent) of dye per liter of fuel oil
were unsuccessful. In practice, the spray formulation was mixed in 400-
gallon batches using 20 pounds of CI 258 dye per batch. This mixture
should have resulted in 0.6 percent dye per liter of fuel oil, but
laboratory analysis indicated that only about 0.5 percent of the dye
remained suspended in solution. 'This mixture was used in Trials 1-1,
1-2, 1-3, 1-4, 2-1, 2-2, and 2-3.

The dye content was determined by laboratory analysis of
samples taken from the spray tank. Results of these analysis are as
follows:

Dye Content
Trial (Grams/Li ter)

1-1 5.0
1- iR No Data
1-2 5.0
1-3 4.0
1-4 4.8
2-1 5.0
2-2 5.0
2- 2R No Data

2-3 5.0

3.2.1.2 Duphar/CI Dye. Duphar, a proprietary solvent furnished by
Midair, was' dyed with CI 258 dye (5 grams per liter of solvent). Efforts
to suspend 10 grams dye in a liter of solution were unsuccessful. This
mixture was used in Trials 1-6 and 1-7. The dye content determined
by laboratory analysis of the samples for Trials 1-6 and 1-7 was 4.3 and
4.4 grams per liter, respectively. The solubility of CI 258 dye in

Duphar was determined to be 5.8 x 103grams per milliliter. The solution
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stability of CI 258 dye was monitored for 3 weeks; no loss in color was
noted.

TABLE 3-1 SPRAY FORMULATIONS

Spray Formulation

Date Dupont Phillips Zinc Cadmium
of Trial Fuel Oil #2 Oil Red Dye Duphar Endosulfan Sulfide

Trial Number (gal) (Ib) (1) (lb) (lb)

4 Oct 1-1 400 20 - -

8 Oct 1-IR 400 20 - -

8 Oct 1-2 400 20 - -

9 Oct 2-1 400 20 - -

9 Oct 2-2 400 20 - -

10 Oct 2-2R 400 20 - -

10 Oct 2-3 400 20

15 Oct 1-4 400 20

15 Oct 1-3 400 .20 -

16 Oct 1-7 - 15 1195

17 Oct 1-6 - 15 1195 -

17 Oct 1-5 270 13.5 20 2.4

3.2.1.3 Fuel Oil No. 2/Cl 258 Dye/Fluorescent Particles (FP)/ Endosulfan.
This formulation used in Trial 1-5 was prepared by mixing 13.5 pounds of
CI 258 oil red dye, 2.4 pounds of green zinc cadmium sulfide fluorescent
particles (FP), and 20 pounds of Endosulfan (1, 2, 3, 4, 7, 7-hexachloro
bicyclo (2.2.1-2-heptene-5, 6 bisoxymethylene sulfite) into 270 gallons
of fuel oil. he dye content of the mixture was determined to be 5.8
g/l. Analysis indicated the mixture contained FP as follows:
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Weight FP/

Tank No. Time gallona

5 Preflight 0.7 g

5 Postflight 0.95 g

6 Preflight 0.65 g

6 Postflight 1.6 g

a
The expected weight of FP was 4.03 grams per gallon, based on the weight
of FP used to prepare the mixture.

3.2.3 Sampling Grids and Methods

The first nine trials were scheduled to be conducted on the ASG.
Downwind sampling out to 15 miles was planned for five trials on the ASG.
This extended sampling was used in a single trial (Trial 1-5). Target
S was to have consisted of a 3-mile-square dense array containing 821
stations plus three downwind sampling lines containing 30 sampling
stations,each extending another 3 miles downwind of the perimeter of the
dense array. This design was reduced to three crosswind lines and three
downwind lines comprising 606 sampling stations. This reduction in the
test matrix and grid design changed the objective of providing a quan-
titative evaluation of the spray system to one in which a preliminary to
semiqualitative assessment would be accomplished.

Three basic grid configurations were used in this test. The
grid array for the fly-by trials of Phase 1 (Figures 3-3 and 3-4)
consisted of a vertical sampling tower 300 feet (%98meters) high, with
three downwind sampling lines starting approximately 300 meters upwind of
the tower and extending 5 miles downwind in all trials except Trial 1-1.
The middle line was extended to a downwind distance of 10 miles in Trial
1-5.

The grid design used in Phase 2 (see Figure 3-5) consisted of
six sampling lines, each comprising 105 sampling positicis spaced 50
meters apart (three acrosswind and three alongwind). All sampling lines
were spaced approximately 1,067 meters apart. The specific sampling
methods used in each phase follow:

a. In each Phase 1 trial, sampling devices were installed on the
98-meter vwrtical tower as follows:

(1) A holder containing five cylindrical samplers (pipe
cleaners, 2 mm in diameter, 15 cm in length, spaced 2.5 cm apart, and
oriented with the long axis of each sampler normal to horizon) were
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positioned at 2-meter intervals from 2 through the 92-meter levels. The
46 sampling positions were placed on each of two sides of the tower next
to each of the two marked flight lines. Each sampler had a collection
area of 4.54 cm2 . The sampling efficiency of the pipe cleaner is estimated
to be 90 percent for droplets 20 to 100 microns in diameter when collected
in winds of 2 to 12 mph (i to 6 m/sec).

(2) One inert aerosol sampler (can wrapped with Printflex-
card stock) was positioned 20, 40, 60, and 80 meters above terrain on
both sampling sides of the tower.

(3) One horizontal Printflex-card (22 x 17 cm) was placed
at each of the sampling stations shown in Figure 3.3.

(4) In Trial 1-5, the above Printflex-card sampling array
was augumented with a pipe-cleaner sampler and rotorod samplers equipped
with H and U rods. These samplers were positioned 1.5 meters above
terrain at each of 59 sampling positions of the middle downwind row.
The middle row was extended to a distance of 10 miles from the release
line.

b. In each trial of Phase 2, one horizontal Printflex-card
sampler was placed at each of the 630 sampling stations shown in Figure
3-5.

3.2.4 Aircraft Spray Methods

In each trial, nozzles of the DC-7B aerial spray system were
configured to produce a flow-rate of 25-, 60-, or 230-gallons per minute
by Midair personnel.

a. In each trial of Phase 1, the aircraft flew above one of two
marked flight lines 4 miles long and 91.4 meters (300 feet) southeast
or northwest of the 98-meter vertical tower, depending upon the prevailing
wind direction. The programmed altitude and ground speed were 45.7
meters (150 feet) and 250 mph, respectively. The aircraft was supposed
to disseminate for approximately 4 miles, starting approximately ? miles
before the aircraft passed the vertical tower.

b. In each trial of Phase 2, the aircraft flew into the prevailing
wind, across three crosswind sampling lines, at an altitude between 30
and 88 meters above terrain, depending upon the programmed flow rate.
The aircraft ground speed was estimated to be 250 mph, and the flight
path was marked with panels. Signaling smoke marked the point where
release was initiated.

c. Samples of the spray solution were taken for laboratory
dqtermination of percent dye, insecticide, and weight of fluorescent
particles, as applicable.

(continued on page 54)
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d. Confirmation of the amount of spray mixture released on
each mission could not be determined by the aircraft crew. The system
had to be primed by actually disseminating a portion of the load before
each trial. The quantity released during the priming operation could
not be estimated using the spray-control instruments. Determination of
the quantity loaded before and after take off could not be used for
estimating the quantity actually released in the trial.

3.2.5 Meteorological Methods

3.2.5.1 Meteorological Restrictions. The meteorological limitations
associated with the test design deline•ated in the test plan were as
'ollows:

a. Phase 1 limitations:

(1) Wind speed (at release height) 5 to 15 mph

(2) Wind direction (at release height) + 150 normal to
the release line

(3) Stability Very unstable con-
ditions with strong
convective activity
are not permitted

(4) Temperature No restriction

(5) Relative humidity No restriction

(6) Precipitation None permitted

(7) Solar radiation No restriction

b. Phase 2 limitations were identical to those of Phase I except:

(1) Wind speed (at release height) 0 to 15 mph

(2) Wind direction (at release height) None

Of the 12 trial attempts, only three trials of Phase 1 (Trials 1-5, 1-6,
and 1-7) and two trials of Phase 2 (Trials 2-2R and 2-3) met the meteoro-
logical criteria.

3.2.5.2 Meteorological Measurements:

a. Phase 1:

(1) Meteorological measurements were made at the 98-meter
tower and at one 100-foot tower ½ mile downwind of the 98-meter tower.
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Standard surface observations were taken in the vicinity of the 98-meter
tower.

(2) Pilot-Balloon (PIBAL) Measurement. Standard PIBAL measure-
ments were made in the vicinity of t.e 98-meter tower at release time
and as required by the meteorologist in criarge.

(3) The rawinsonde observations were made at release time to
determine the vertical profiles of wind, temperature and humidity and
the depth of the mixing layer.

(4) Tower measurements are shown in Table 3-2.

Table 3-2. Meteorological Measurements at Tower Positions for Phase 1.
Tower Wind Wind

Level 100' 300' Speed Direction Turbulence Temp

2m X X X X X

16m X X X X X

32 m X X X X X X

64 m X X X X X

80 m X X X

96 m X X X X X

b. Phase 2:

Standard surface observations were taken nea' the test area.
Measurements of wind speed, wind direction and temperature were taken at
standard heights on one 32-meter mast.

3.2.5.3 Photograph Measurements

a. In Phase 1, six Mitchell cinetheodolites and three Multidata
35 mm fixed cameras were positioned to cover both flight lines.

tioned ab. In Phase 2, three Multidata 35 mm fixed cameras were posi-
tioned at three of the 10 surveyed camera sites in the test area to
cover the intended line of flight for each trial. Data acquisition of
aircraft speed and altitude during the total dissemination time using
this system was not adequate to obtain all of the desired data with
precision.
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CHAPTER 4. DATA ANALYSIS

4.1 SWATH WIDTH

Swath width is the width of a strip of ground receivin na
deposition density of a specified level in weight per area (mass) or
number of particles per area. Using this definition, two types of
deposition densities were considered, one of mass and one of number.
Of the 12 trials conducted, 10 were considered either acceptable or
partially acceptable for data analysis. Trials 1-1R and 2-2 had
system malfunctions and were not used.

The original test plan called for- 18 to 20 field trials under
restrictive meteorological criteria. Had these trials been conducted
as scheduled,they would have produced a statistically sound data
base to provide definitive swath-width estimates. The variability of
meteorological conditions during the available test period and the
lack of accurate flow-rate information created a variability within
the trial data that cannot be resolved through normal averaging
techniques, hence no attempt has been made to do so for either the
mass or size-density analysis.

Ground deposition was sampled with Printflex cards at known
coordinates on the grid. Printflex-card positions for the grids
used are shown in Figures 4-1, 4-2 and 4-3.

The spray formulation in all trials contained a tracer (Dupont
oil red dye) to produce drop stains on the Printflex cards. These
stains were measured and converted to an assumed spherical particle
using the spread factor equation previously discussed. The deposition
was calculated from the spherical particles in terms of mass and
number at each Printflex-card location.

Two types of trials were conducted based upon wind direction
relative to the release line. Trials 1-5, 1-6 and 1-7 are considered
crosswind trials. These trials had angular deviations of wind direction

0from normal to flight line of 15 , 150 and 100, respectively. Trials
1-1, 1-2, 1-3, 1-4, 2-1, 2-2R and 2-3 were inwind trials and had
angular deviations from the dissemination flight line heading of 1750,
480, and 350, undetermined, 300, 100 and 250, respectively.

4.1.1 Swath Width from Mass Analysis

The ground deposition density in milligrams per square meter
(mass) versus distance was plotted for each trial and each sampling
line. The sampling lines were approximately perpendicular to the
release line in all trials. Swath widths for deposition densities
of 4, 12, 36 and 108 milligrams per square meter were read from these
graphs. Mean widths for mass deposition densities were calculated
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from the three sampling lines. In Trial 1-6, only two sampling lines
were available for averaging because of problems in sampling. Table
4-1 gives swath widths based on mass.

4.1.2 Swath Width from Particle Size/Density Analysis

The ground deposition densities in droplets per square meter
for particle sizes of <2111m, <381im, <551im, and <731im versus downwind
distance were plotted for each trial. An average swath width of
each trial for particle sizes less than 73p~m and for densities of
10,000, 30,000, 90,000 and 270,000 drops per square meter are
given in Table 4-2.

Table 4-1. Swathi Width Based on Mass

Programmed Swath Width (feet-meter)
ria s wApplication basedon mass.

Rate 12 36
(gal/m-nd/mep) mg/rn2  mg/r 2  mg/rs2  mg/r 2

1-1 230-871 897- 273 607-185 298- 89 77-23

1-2 230-871 577- 176 77- 23 -- a-- -- a--

2-1 230-871 --a-- --a-- --a-- --a--

1-3 230-871 973- 297 627-191 373-114 -- a--

2-2R 60-227 692- 211 133- 41 -- a-- -- a--
1-6 60-227 4325-1318 950-290 395-1.0 45-14

1-5 60-227 587- 179 170- 52

2-3 25-9 5 292- 89 -- a-- -- a-- -- a--

1-7 25- 95 593- 181 203- 62 -- a -- a--

1-4 25- 95 363- 111 193- 59 --a-- --a--

adeposition density (mass) in column heading not achieved.
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Table 4.2 Swath Width Based on Droplet Deposition Density
of Particles Less than 73pm

Programmed Swath Width (feet-meters)
Application

Trial Rate (gal/min) 10,000 30,000 90,000 1 270,000
dropletsb droplets Idroplets I droplets

1-1 230 1525- 465 1047- 319 673- 205 476-145

1-2 230 1709- 521 1293- 394 666- 203 148- 45

2-1 230 2415- 736 1148- 350 62- 19 -- a--

1-3 230 >3310->1009 >2382-> 726 >1079->329 614-187

2-2R 60 4383- 1336 2313- 705 535- 163 66- 20

1-6 60 >5144->1568 >5144->1568 1568- 478 453-138

1-5 60 2165- 660 1385- 422 574- 175 276- 84

2-3 25 1434- 437 879- 268 466- 142 161- 49

1-7 25 1539- 469 682- 208 282- 86 105- 32

1-4 25 3934- 1199 1444- 440 384- 177 95- 29

a
Droplet deposition density in column heading not achieved.

bper square meter
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4.2 HORIZONTAL RECOVERIES

4.2.1 Horizontal Recoveries by Mass

Horizontal recoveries in terms of mass density in milligrams
per square meter over the sampled portion of the grid are presented as
contour diagrams in Figures 4-4 through 4-13.

4.2.2 Horizontal Recoveries by Density

The ground deposition densities in droplets per square meter
for particle sizes of <2lipm, <38jnm, <55i'm, and <73w~m versus downwind
distance are presented in Figures 4-14 through 4-20. Isopleths of
droplet densities for all droplets less than 73om are shown in Figures
4-21 through 4-30.

4.2.3 Total Grid Recovery

Table 4-3 presents estimates of the spray material recovered on
the horizontal grid. Estimates are given for nine trials. The data
from Trial 1-3 were invalidated by the wind direction. A continuation
or completion of the test as originally detailed in the plan of test
would have provided sufficient data for more definitive estimates of
horizontal grid recovery.

Table 4-3. Estimated Percent of Material Recovered on the Horizontal
Sampling Grid

Trial 1-1 1-2 2-1 2-2R 2-3 1-3 1-4 1-7 1-6 1-5

Horizontal
Recovery 11 2 1 11 11 (a) 21 47 76 11
M%

(a) Wind direction invalidated horizontal recovery.

4.2.4 Horizontal Efficiency

Horizontal efficiency is the percentage of material reliased
from the disseminator and recovered as deposition on the ground.

The technique used in computing horizontal efficiency is very
similar to that used in computing vertical efficiency. However, with
a significant mass consisting of small drops (<70iim), there is a very
large downwind distance associated with deposition. Consequently a

very large sampling grid is required, and meteorological conditions1~ should be uniform over an extended period. Since very small particles
(continued on page 93)
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the mass in milligrams per square meter. Shaded areas
indicatlu coverage for the ranges shown.
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GRIO WS CONFIGURATIONI
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Figure 4.5 Trial 1-2 Mass Density Patterns. The values shown are
the mass in milligrams per square meter. Shaded areas
indicate coverage for the ranges shown.
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GRID A" CONFIGURATION
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Figure 4.6 Trial 1-3 Mass Density Patterns. The values shown are
the mass in milligrams per square meter. Shaded areas
indicate coverage for the ranges shown.
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GRID "B" CONFIGURATION
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S'Figure 4.7 Trial 1-4 Mass Density Patterns. The values shown are

the mass in milligrams per square meter. Shaded areas

indicate coverage of the ranges shown.
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GRID *'A CONFIGURATION
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Figue 48 Tial1-5Mass Density Patterns. The valuhaes hd areathe mass in Milligrams per square meter. Sae raindicate coverage of the ranges shown.
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GRiD "A" CONFIGURATION
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Figure 4. 9 Trial 1-6 Mass Density Patterns. The values shown arethe mass in milligrams per square meter. Shaded areas
indicate coverage for the ranges shown.
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GRID A0 CONFIGURATION 30100
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', ~ ~GRID "C* CONFIrURATION 
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Figure 4-11 Trial 2-1 Mass Density Patterns. The values shown are
the mass in milligrams per square meter. Shaded areas
indicate coverage for the range shown.
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GRID IC O CONPIGURATION U.o.
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Figure 4-14. Trial 1-1 Droplet Deposition Density. The lines shown
represent the number of droplets per square meter ford
particles <21 pm, <38 pm, <55 pm, and <73 pm.
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Figure 4-15 Trial 1-2 Droplet Deposition Density. The lines shown
present the number of droplets per square meter for
particles <21 pm, <38 pm, <55 pm, and <73 pm.
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Figure 4-16 Trial 1-3 Droplet Deposition Density. The lines shown

present the number of droplets per square meter for
particles <21 pm <38 pm <55 pim, and <73 pmi.
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Figure 4-17 Trial 1-4 Droplet Deposition Density. The lines shown
,' present the number of droplets per square meter for

particles <21 pm, <38 pm, <55 pm, and <73 pm.
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Fiqure 4-18 Trial 1-5 Droplet Deposition Density. The lines shown
present the number of droplets per square meter for
particles <21 pm, <38 pm, <55 pm, and <73 p_.
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"Figure 4-19 Trial 1-6 Droplet Deposition Density. The lines shown
present the number of droplets per square meter for
present <21 jim, <38 jim, <55 pim, and <73 pm.
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Figure 4-20 Trial 1-7 Droplet Deposition Density. The lines shown

present the number of droplets per square meter for
present <21 sim, <38 urn, <55 u~m, and <13 1411.
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GRID 'A" CONFIGURATION
2393,200 4860 0650
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Figure 4-21 Trial 1-1 Droplet Deposition Pattern. "he values shown
are the total number of droplets (dia. <73 pim) per square
meter, Shaded areas indicate coverage within ranges
shown,
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GRID "B" CONFIGURATION
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Figure 4-22 Trial 1-2 Droplet Deposit-ion Pattern. rhe values shown
are the total nunib'ýr of droplets (dia. -.73 jia) per square
meter. Shaded areas indicate coverage within ranges

S own.
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Meter". Shaded areas indicate coverage within ranges
shown.
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GRID "B" CONFIGURATION
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GRID 'A" CONFIGURATION 02
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Figure 4-25 Trial 1-5 Droplet Deposition Pattern, The values shown
are the total nuinbe', of droplets (dia. <73 jim) per, square
meter. Shaded areas inudi cate coverage wi thin ranges
shown,

87



GRID "A" CONF1GURATION % '1:00-01 .
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Figure 4-26 Trial 1-6 Droplet Deposition Pattern. The values shown
are the total number of' droplets (dia. .'73 urn) per Squ~arE,
meter. Shaded areois indiciitoe coverage wi thin ranges
.shown,.



GRID *A" CONFIGURATION
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Figure 4-27 Trial 1 -7 Droplet Deposition Pattern. The values shown
are the total number of droplets (dia. <73 vim) per square
meter, Shaded areas indicate coverage within ranges
shown.
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GRID "C" CONFIGURATION E030061
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Figure 4-28 Trial 2-1 Droplet Deposition Pattern. The values shown
are the total number of droplets (dia. <73 ýim) per square
meter. Shaded areas indicate coverage within ranges
shown.
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GRID "C" CONFIGURATION 3O3W4
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TO.,0.

IIILESS: THAN 10,000

Ciii
x

Figure 4-29 Trial 2-211 Droplet Deposition Pattern. The values shown
are the total number of droplets (dia. <73 pmn) per square
Pieter. Shaded areas indicate coverage with-in ranges
shown.
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GRID "C" CONFIGUR~ATION E~3~
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Figure 4-3n~ Trial 2-3 Droplet Deposition Pattern. The values shown
are the total number of droplets (dia. <73 jim) per square
meter. Shaded areas indicate coverage within ranges
shown.
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(<lOwm) are assumed to behave as a gas, the particles are not deposited
on the ground in the release area but are rendered ineffectual in the
atmosphere by dilution and the physical phenomena of nature. For these
reasons, it is very unlikely that a complete acco,;ntability of material
released (mass balance) can be obtained on the horizontal sampling
grids used for these trials. Additional trial data might have permitted
a more valid estimate of mass accountability and with a satisfactory A
model, off-grid quantities could have been obtained to establish
a mass balance of material.

The grids for these trials are shown in Figures 4-1, 4-2 and
4-3. At each sampling point, a Printflex card was placed (horizontal)
on the ground for deposition sampling. The sampling area of the
Printflex card was 308 square centimeters. Each Printflex card was
assigned an area of responsibility (a horizontal area assumed to have
the same deposition density as the Printflex card).

In this test, the grid can be generally described as three
parallel lines. The area of responsibility for each Printflex card was
a rectangle. The length (L) is calculated by the following expression:

di+l-di~
2 =1.i

where d is distance measured along the parallel sampling lines, i is the
sequentially numbered station, and width is 1 meter. The choice of width
is arbitrary as long as the release length and width of the rectangle
are identical. The area dosage products are summed over the length of the
line, and estimates made of the mass of material accounted for by the sampling
network.

4.3 VERTICAL RECOVERIES

4.3.1 Efficiency Estimates from a Single Vertical Tower

The following describes a technique for estimating the
efficiency of a continuous generator when employed in a long line
release of material using a vertical array of samplers on a single
tower.

4.3.2 Mathematical Development of Model

Consider an infinitely small cube of cloud with a concentration
of C grams per unit volume, having dimensions dx, dy, and dz. The
quantity of materials dq in the cube is

dq Cdx dy dz
.(1 )
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Alternately, consider a fixed vertical plane at an arbitrary
downwind distance x, and normal to the wind vector. The amount of
material passing through an area element (dy, dz) of the plane in
time dt is

dq = u(yt,z) C (y,t,z) dydtdz (2)

where u is the transport wind speed.

The total amount of material is

q fij u C dydtdz

zty (y,tz) (y,t,z) (3)

If C and u are both independent of y, then over a specified
cross wind strip - L/2 <y<L/2, the total amount of material is

L/2
q = ff u C fdydtdz.

zt (t,z) (t,z)-L/2

where L is a specified length of release line

SLJfu C dtdz (4)q= (t,z) (t,z)

In the field operation, the sampling period encompasses the
entire passage time of a cloud. The total dosage collected by the

uC

0 aw t

Thus, the total dosage at height z is
t

D = I C dt (5)
(z) u(tz) (tz)S~o

assuming that the sampling device is operated long enough to sample
the entire cloud.

Substituting Equation 5 into Equation 4 gives
lq = 0zdz (6)
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The output or effective line source strength is represented by
the summation n

qDh (7)

i =1

where i indicates the i-th sampling height and Ahi is the height interval
assigned to a sampling station at height i.

If the flight path is not normal to the transport wind direction,
the flux density of the material is increased as it travels past the
sampling tower. This is illustrated below:

A Sampling Tower

d Flight Line

Wind Direction

where 0 is the angular deviation of the flight line from normal to the
wind direction. It is assumed that wind direction is constant over the
entire height range.

The appropriate correction is achieved by rewriting Equation 1
as n 

Ah
q = (L r Di cos 0 (8)

The input source strength or amount of material disseminated
Q is determined by

Q = rL

where r is the rate of dissemination and L is a dissemination length
which must be the same as used in q.

Any system of consistent units may be used. In this test, the
units were

q (grams) = L(meters) D(grams/meter 2 ) h(meters)

Q (grams)= r(g/m) L(m)
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Efficiency (E) is then determined by dividing the output value
obtained from Equation 8 by the input source factor, Equation 9 and
multiplying by 100. Thus

E = 100 q/Q

The above technique assumes the following conditions:

a. The entire vertical dimension of the cloud is contained
in the vertical sampling array.

b. The dissemipation line is long enough and placed so that
no edge effects exist.

c. The rate of release is uniform and known for the portion
of cloud sampled.

Lack of the first two conditions will result in underestimates
of efficiency. If the third condition is not met, then the variability
of efficiency is increased, and a valid estimate of efficiency can be
made only from a large number of trials with selected portions of release
line sampled.

4.3.3 Method for Estimating Source Strength and Efficiency

1. Estimate q, the amount of material accounted for by the
vertical sampling array:

a. Transform the sampler recoveries at each level to Di
values. The sampling on the vertical tower was accomplished using pipe
cleaners with a sampling area of 4.5403 square centimeters per pipe cleaner.
Five samplers were set up at each level. The dye from the five samplers
was extracted with 15 milliliters of isopropyl alcohol and the resulting
sample assayed by the spectrophotometric method. The Endosulfan from the
pipe-cleaner samplers was extracted into 10 milliliters of heptane and
the resulting sample assayed with the gas chromatograph. The laboratory
reported the concentration values in gamma per milliliter. The dimensional
model for converting to grams per square meter is

_txLhml) (ml) (g/) g/m2 of dye or Endosulfan
(cn12 ) (m2 /cm 2 ) g

The conversion constants of 6.607 x 10 3 or 4.405 x 10- for dye and
Endosulfan, respectively, multiplied by the laboratory value in y/ml yield
Di in g/m2 .
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b. Assign an area of responsibility to each Di value. The
length factor (L) can be arbitrarily chosen as the length of release line
or another distance of choice; for convenience, L is usually chosen as
1 meter. The length factor remains the same for all sampling heights
(h). The value of A hi is usually (hi+I - hi-1)/2. A modification is made
for sample nearest the ground where

A hi= hi+ (h2 - hl)/2

The area of responsibility for each Di is (LAh i )

c. Obtain the total dosage-area products at each level

Di (LAhi) = amount in grams

d. Sum the total dosage area products
n
Y: Di(LAh )

e. Multiply • Di (LAh.) by the cosine of the angulari=l 1

deviation of the dissemination line from normal to the wind direction.
This gives the output or effective line-source strength q in grams.

n
q = L Cos 0 E Diahi

i=1
where q is the amount of material accounted for by vertical sampling array.

L is length factor

0 is angular deviation of dissemination line from normal to
wind direction

Di is dosage at i-th towe" station

hi is height interval ass,,igned to each i-th tower station

2. Estimate Q input source strength (total amount of material
disseminated):

a. Transform the rate in gallons per minute into grams
per meter. The information for this conversion is taken from test
officer's report, pilot's data sheet, photographic data reduction and
the laboratory analysis of the bulk material. The dimensional model for
converting to a rate (r) in grams per meter is

-r (gal/mln) (9/t) (i/gal) = g/m

(mi/hr) (hr/min) (m/mi)
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The conversion constant of 1.411 x 10-1 simplifies the above to

(gal/min) (g/W) 1.411 x 10-1
(mi/hr) = g/m

b. Account for length of line to be sampled. This length
L should be the same as that used previously, paragraph 4.3.3.1.b.

Q = rL

where Q is input source strength (total material disseminated)

r is rate in grams per meter

L is length in meters

3. Determine efficiency: divid' the output line-source strength
q by the input line-source strength Q and multiply by 100.

E = 100 (q/Q)

4.3.4 Vertical Array Estimate of Efficiencies

These trials were conducted in open, flat terrain. The sampling
tower is 98 meters high. Samplers were five pipe cleaners placed at each
of 46 positions. The positions were at 2-meter intervals from 2 meters
to 92 meters above the ground. Two arrays were set up, one on the NE
corner of the tower and a second on the SW corner of the tower. Meteor-
ological sensors were placed 2, 16, 32, 64 and 96 meters above the ground.

The material collected on the pipe cleaners asseyed by extracting
the Dupont oil red dye in Trials 1-2, 1-3, 1-6, 1-7 and the Endosulfan in
Trial 1-5. The concentration of Dupont oil red dye was measured by a
spectrophotometer and the concentration of Endosu'fan by a gas chromatograph.
The chemical assay is covered in detail in Chapter 3.

Each trial is covered separately, with usefulness and limitations
cited pertaining to that trial. For each trial, a vertical profile was
plotted (Figures 4-31 ti 4-35) and the efficiency was calculated (Tables
4-4 to 4-8). These limitations are mainly the result of conducting trials
in marginal or no wind conditions. More reliable and accurate results
could be expected under an organized wind condition.

4.3.5 Comments on Vertical tttlclency Trials

The UN-FAO representative (Midair Inc) did not provide
definitive flow-rate information; ýherefore, nominal spray system
setting estimates were assumed for all trial analyses.

(continued on page 114)
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Figure 4-31. Vertical Profile of Dye Collected in Trial 1-2 4
from Ground Level to 90 Meters

99

ipia
-• • '•



TRIAL 1-3 303
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Figure 4-32. Vertical Profile of Dye Collected in Trial 1-3
from Ground Level to 90 Meters
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Figure 4-33. Vertical Profile of Endosulfan Collected in Trial
1-5 from Ground Level to 90 Meters
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Figure 4-34. Vertical Profile of Dye Collected in Trial 1-6
from Ground Level to 90 Meters
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Figure 4-35. Vertical Profile of Dye Collected in Trial 1-7
from Ground Level to 90 Meters
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Tri 1 l 1-1. Spray system malfunctions caused fluctuations
in flow rate and solage from petcock. Therefore, tower samplers not
assayed.

Trial -11R. Spray system not primed. Therefore, tower
samplers not assayed

Trial i-9. Samplers assayed. Spray system set to release
230 gallons per minute, but observers suspect sor-ýthing less. A problem
existed with the spray recirculating system. Very light winds approximately
450 from normal to flight line. The aerosol cloud was not contained n

the 92-meter sampling array and certainly accounts for a loss of sonic
material. The efficiency measured in this trial is low and must be
considered of limited value in characterizing the systern,

Trial 1-3. Samplers assayed. Spray system set to release
230 gallons per minuto. Light winds and an unsatisfactory wind direction
for characterizing efficiency of the system existed at time of release.
This trial has been classed as an inwind trial. Cloud height at tower was

greater than 92-meters (highest sampler on the tower). The efficiency
estimates cannot be used to characterize the spray system.

irial 1-4. Samplers not assayed. Spray system set to
release 25 gallons per minute. The wind at time of release was nearly
calm.

Trial 1-5. Samplers assayed. Trial considered a good
trial. This trial was used to characterize dissemination efficiency.

Trial 1-6. Samplers assayed. Tri.l considered good for
efficiency estimate of-system. This tcidl had Duiont oil red dye mixed
with Duphar. The amount of oil red dye was analyzi.d. Some dye was
detected at 92-meters; however, there is good indication from the con-
centration profile and the calculated recovery that very little of the
cloud was above this height.

Trial 1-7. Samplers assayed. Trial considered good for
efficiency estimates of system. This trial had Dupont oil red dye mixed
with Duphar. Samplers were analyzed for oil red dye content. Cloud was
contained within the 92-meter sampling array. While efficiency exceeded
100 percent, this is not unusual from a single-tower array when a

mean of 100 is expected from a number of efficiency calcufations.

4.4 CALCULATION OF DROPLET SIZE

Volume median diameter (vmd) and number mean diameter (nmd)
of the spray droplets as expressed in micrometers are presented in
Table 4.9.

ll4
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Table 4.9. VMD and NMD for each trial

SPRAY VMD NMD
TRIAL NO. MATERIAL (Gm) (Gm)

1-4 Fuel oil 54 32
1-7 Duphar 63 47
2-3 Fuel oil 50 32
1-5 Fuel oil 55 34
1-6 Duphar 68 44
2-2R Fuel oil 57 36
1-1 Fuel oil 71 35
1-2 Fuel oIl 58 32
1-3 Fuel oil 60 35
2-1 Fuel oil 52 31
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CHAPTER 5. DEPOSITION MODEL

5.1 INTRODUCTION

Aerial spray systems previously tested have typically produced
large drops. Also, satisfactory techniques for collecting and sizing
siwall drops less than 50 micrometers in diameter have generally been
lacking. For these reasons, deposition measurements for drops less than
50 micrometers in diameter have not been available. The deposition
measurements made during the U. N. spray trials thus provide the first
opportunity to validate the generalized deposition models previouslj
developed for Dugway Proving Ground for drop sizes below 100 micrometers.

The DOG deposition models described by Cramer et al., (1972) apply
strictly to Arops with appreciable settling velocities assuming that all
drops deposited are retained and not reflected. For drops less than 100
micrometers in diameter, this assumption probably does not hold. Since
1972, development and refinement of the DPG deposition models have con-
tinued, and provision has been made for partial reflection of small drops
at the ground. The U. N. spray trial, where the smaller drops were
expected to be partially reflected at the ground, thus provided an oppor-
tunity for validating the partial reflection features of the DPG
deposition model.

In three trials, the flight path was approximately parallel to the
wind direction. In the remaining seven trials, the flight path was
approximately perpendicular to the mean wind direction. The altitude
of the aircraft during the trials was approximately 50 meters above the
ground. Two types of spray carrier were used. Duphar, a trade-name
solvent of low volatility, was used in Trials 1-6 and 1-7. In the re-
maining eight trials, No. 2 Fuel Oil was used. Dupont Oil Red Dye was
added to both types of spray carrier as a tracer. Figure 5-1 shows
cumulative ma!;s determined by this procedure for the two Duphar trials

I -and for seven trials in which fuel oil was the carrier. As shown in
Figure 5-1, the mass median diameter obtained for the Duphar is approx-
imately 66 micrometers, while the mass median diameter for the No. 2
fuel oil is approximately 55 micrometers. Less than 1 percent of the
total mass of each spray carrier is contained in drops with diameters
larger than 150 micrometers.

* 5.2 MEASUREMENTS, OBSERVED DEPOSTION, AND AIRCRAFT EFFECTS ON SPRAY CLOUD

5.2.1 Deposition and Meteorologal Measurements

The spray trials were conducted on three grids of different forms.
Trials 1-1, 1-3, 1-5, 1-6 and 1-7 were conducted on grid A, Figure 5-2.
The open circles in Figure 5-2 indicate the positions of Printflex-card
samplers. The flight path of the aircraft was apprcximately perpendicular
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FIGURE 5-2. Grid A.
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to sampling lines A, B and C, parallel to the sampling positions along
row 7. The sampling stations on rowsl through 6 measured deposition
upwind of the flight path. Sampling lines A, B and C extended 1,523
meters from the flight line. Sampling line C continued beyond this
point, with deposition samplers at intervals of 402 mieters, to about
16 kilometers from the flight line. Vertical spray samples were collec-
ted on the 98-meter tower (00, Figure 5-3) 90 meters from the flight line.
Cylindrical (pipe-cleawcr) samplers were positioned at 2-meter intervals
on both the northeast and southwest corners of the tower between heights
of 2 and 92 meters. Dye leached from these samplers were used to deter-
mine the dissemination efficiency of the spray system. Trials 1-2 and
1-4 were conducted on grid B, a grid nearly identical to grid A, but
reversed 180 degrees so that it could be used when the winds were from
the south. Because of large shifts in wind direction (see Section 5.1),
thesq trials were not used for model validation, so grid B is not
presented here.

Trials 2-1, 2-2R and 2-3 were conducted on grid C (Figure 5-3).
Printflex-card deposition samplers were placed as shown in the figure.
Sampling lines D, E and F were separated by 1,097 meters, the samplers
46 meters apart along each line. As shown in Figure 5-3, the flight
path for Trials 2-2R and 2-3 crossed lines D, E and F near the center of
the grid. No measurements of dissemination efficiency were made for
trials conducted on grid C, because the grid had no tall tower.

Meteorological measurements were made on Towers 00 (Figure 5-2)
and 12 (Figure 5-3) for all trials. Tower 12 is about 9.7 kilometers
(6 miles) northwest of Tower 00. Standard deviations of the wind azimuth
and elevation angles were obtained from bidirectional vane measurements
made at heights of 2, 16, 32, 64, 80 and 96 meters on Tower 00. Wind
directions and wind speeds were also measured at these heights. Temper-
ature measurements were made on Tower 00 at heights of 0.5, 2, 16, 32,
64 and 96 meters. Similar measurements of wind speed, wind direction,
standard deviations of the wind azimuth and elevation angles and temper-
ature were made at heights of 2, 16 and 32 meters on Tower 12. PIBAL
measurements of wind speed arid direction in the first few thousand feet
above the surface were also made in the vicinity of the flight line for
all trials.

5.2.2 Treatment of the Deposition Measurements

The deposition observed by visual (microscopic) counting and
sizing of drop stains on Printflex cards was tabulated in milliqrams per
square meter for each sampling position for each trial. On grids A
and C, the deposition data for each set of three crosswind sampling
positions approximately equidistant from the flight path were averaged
to obtain a single value for the observed deposition at each of the
distances away from the flight line indicated by the positions of the
samplers on lines B and E.

120



.303
F E D

S10

True North

20! 0 ¾

300

':,4 0 . S 0

.40

,-Tower IPA - TRIAL 2-2R

A604 0

70 70 6 - 1097 m •€.•.1097 m e

80i

4 m

90i"0 T 4 6r*i ,.9 . S

S0 05 0 0 M c -.

Ij

FIGURE 5-3. Grid C.

121



lihIn the trials conducted on grid C, when the direction of the
flight path was approximately into the wind, deposition occurred on both
sides of the flight path. Profiles of average deposition versus distance
from the flight path were constructed, following the procedure outlined
above, for both sides of the flight path.

5.2.3 Effect of Trailing Vortices on the Spray Cloud

Photographs of the spray cloud show, as might be expected, that
the droplets emitted from the nozzles were quickly swept into the four
propeller-slipstream vortices and the two wing-tip vortices to form six
cylindrical vortex tubes that extend aft from the trailing edge of the
wing. Behind the aircraft, the entire vortex system sinks toward the
qround with an average downward velocity of about 0.7 meter per second.
The time required for the vortex circulations to decay depends on many
factors, including the aircraft weight, air speed, and altitude, as
well as turbulence. Figure 5-4 shows the descent and spreading of the
winq-tip vorticesin calm air and in a light crosswind. As pointed out
by Jones (1970, p. 22), the descent of the entire vortex system contain-
ing the spray drops stops when the centers of the wing-tip vortices are
about one-half wingspan (15 meters) above the ground. In calm air,
each wing-tip vortex then moves laterally outward and away from the
flight line with a speed approximately equal to the descent rate. In a
light crosswind approximately equal to the descent rate, the downwind
vortex rmoves outward wtith a speed equal to the sum of the wind speed and
the descent rate, while the upwind vortex tends to remain stationary.
The times shown in Figure 5-4 are rough estimates of the time required
for- the vortex system containinq the spray to sink to the ground ard for
the spray cloud to approach an approximate equilibrium with existing
conditions. The spray cloud, 1 to 2 minutes after the passage of the
aircraft, is thus in the form of a partially flattened cylindrical tube
touching the ground and extending back alorg the flight path toward the
point where the spray release began. The tube diameter, approximately
normal to the projection of the aircraft flight path on the ground, is
about two to three wing spans (56 to 84 meters). The center of the spray
tube is about 15 meters above the ground, and the top of the tube is
about 75 meters above the ground.

During the first few minutes after the release of the spray, wake
vortices thus principally control the growth of the spray cloud and,
except for the possible lateral translation of the vortex system by a
crosswind, the position of the cloud in space as well as tihe amount of
spray deposited on the ground directly below the flight path. After
the first few minutes, when the vortex circulations within the spray
cloud have decayed and approximate equilibrium has been reached, met-
eorological factors in conjunction with settling control the transport,
diffusicn and deposition of spray.
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FIGURE 5-4. Descent and spreadinq of winq-tlo vortices from the aircraft
in still air and in a light crosswind. The symbol b stands
for a~rcraft wingspan.
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In the deposition model described below, the source parameters
correspond to the properties of the spray cloud when the cloud has reached
approximate equilibrium (see Section 5.4.2). For the crosswind trials,
it was assumed that this approximate equilibrium had been reached when
the cloud passed through Tower 00, about 100 meters from the flight line.
The spray measurements made on Tower 00 were used to estimate the effect-
ive height and vertical dimension of the source. The lateral source
dimension a. was assumed to be 20 meters in all trials. This corresponds
to a cloud Ameters (3 wing spans) in diameter (Figure 5-4). This
lateral source dimension ao~ is important only for the trials conducted
on grid C when the flight path was into the wind.

5.3 DEPOSITION MODEL

The model described below for calculating the deposition from a
nearly instantaneous elevated line source is similar to the DPG generalized
deposition models described by Cramer, et al., (1972). In the deposition
model, the axis of the spray cloud is assumed as intersecting the ground
at a downwind distance proportional to the effective height of release,
the settling velocity Vs of the droplets, and the mtean transport speed
of the cloud 6. The inclination of the cloud axis from the horizontal
for any given drop-size category is equal to tan -l(Vsj6). The deposi-
tion model provides for partial reflection of drops at the ground. Drops
dispersed upward by turbulence are totally reflected downward at th,1 top
of the surface mixing layer, but the fraction of drops y reflected &t
the ground is a variable input parameter for each settling-velocity
category.

For the trials in which the flight paths were approximately
parallel to the mean wind direction rather than perpendicular to it,
the line source was simulated by placing a discrete number nf point
sources along the poy-tion of the line source "seen" by a sampler down-
wind from the line source as shown in Figure 5-5, the receptor is
assumed to see the upwind portion of the line source within a sector
defined by 2.15 standard deviations of the wind azimuth GA on either
side of the mean wind direction. The number of point sources required
to simulate the line source for any given receptor increases as the 4
acute angle between the wind direction and the line source becomes
smaller. In the computer program, enough point sources were used to
obtain a stable numerical solution for the deposition at the receptor.

The total deposition at a sampling point is obtained by SUmm4ng4
the calculated deposition over all settling-velocity categories used to
represent the drop-size distribution and over all point sources used toI
simulate the line source. Thus, the elevated point-source model for
deposition caused by settling is given by the following expression where,

for convenience, 00 (zero to the zero power) is defined as 1:
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FIGURE 5-5. The use of point sources to simulate the line-source segment
contributing to the deposition at a receptor poinit downwind
from the line source.
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where:

f f fractjpn of the total source comprising droplets in
the 119 size category

Q = source strength assigned to each point source

K scaling coefficient used to convert input parameters
to dimensionally consistent units

Yi fraction of the material in the ith droplet-size
category reflected at the surface (1 for complete
reflection and 0 for no reflection)

H = release height
i.

mH depth of the surface mixing layer

Vsi= settling velocity for the ith droplet-size category

"u = mean transport wind speed

xz = vertical virtual distance
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azR ; (TzR <a-pr-~~ R-Erz
(5-2)

a > a,

arz (71_X XRz + x z •E Xr,

U3zR = standard deviation of the vertical concentration

distribution at XRz downwind from the source

=c = standard deviation of the wind-elevation angle in
radians at height H

= vertical diffusion coefficient

Xrz -distance over which rectilinear vertical cloud

expansion occurs downwind from an ideal point source

z = the standard deviation of the vertical concentration
distribution

X 4x-XZ -Xrz (5-3)

r = the standard deviation of the crosswind concentration

distribution

F, 
1/2

rY. a* X 4.3

- ~)xy( ry1*a)~) +(\-•.)2]/ (5-4)
0") y. •ry

[r] = standard deviation of the wind azimuth in radians at
height H measured over the source emission time T

1/5

U, {T} a'{o ; I T - 600 seconds, o) Zo 5-5)
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[To] - standard deviation of the azimuth wind angle in radians
in the surface mixing layer measured over the
reference time TO

Xry distance over which rectilinear crosswind cloud
expansion occurs downwind from the virtual point
source

* crosswind diffusion coefficient

Xy =crosswind virtual distance

a'y~yR A Xry
A

- (5-6)

- 1~ + xry (1 ~ a) ayR~ al(7) X-ryyR r

UyR = standard deviation of the crosswind concentration
distribution at a distance XRy downwind from the source

Ael = wind azimuth shear in radians with the layer contain-
ing the cloud

(AO,( " (5-7)

AO rate of change in wind direction (radians) with
Az height in the surface mixing layer

z = effective upper bound of the cloud

H÷+2.15• ; z2<H

(5-8)

Hm ; Z2 > H m
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z * effective lower bound of the cloud

(H-2.15 a ; z- 0

(5-9)

0 z <0

The source strength Q for each point source along the portion
of the line affecting deposition at a receptor is defined by the
expression

QT Eff Ls
QLN (5-10)

where

QT - total source strength

Eff a dissemination efficiency of the spray system

Ls = portion of the line source contributing to
deposition at the receptor

L = total line-source length

N = number of point sources used in simulating the line-
source length L5

The lateral source dimension of each point source using the

line-source-simulation technique is given by the expression:

L sink
aI cos 0 a LCos > s
yL yL - 2.15N

yR
L sin 0 L sin 0

a C
2.15N L 2.15 N
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where

! = :the acute angle between the wind direction and the
line source

0yL = the standard deviation of the lateral concentration
distribution of the line source at release

5.4 METEOROLOGICAL AND SOURCE INPUTS USED I11 CALCULATIONS

5.4.1 Meteorological Input,

The meteorological inputs used in the deposition model werederived primarily from PIBAL soundings and mea-surements made at Towers

00 and 12. Dugway Proving Ground provided 5-minute mean wind
directione, and wind speeds measured as well as 10-minute standard
deviations of wind azimuth vA and elevation angles OE at all
measurement levels. Where more definitive information or data checks
were required, detailed time-sequence data were also provided.

Time-sequential vertical profiles of wind speed and direction
were plotted for each trial. Profiles for Trials 1-2, 1-3, 1-4 and 2-1,
conducted in very light winds revealed that wind-direction shifts
greater than 180 degrees occurred while the cloud rc~nained on the grid.
Because of these large variations in wind directici and, as might
be expected, the large anomalies in the observed deposition patterns,
these trials were excluded from the model validation. Table 5-1 shows
the mean wind directions, wind speeds and other meteorological input
parameters for the trials used for validation of the model.

The wind speeds shown in Table 5-1 are based primarily on the
wind speeds measured on the towers. The wind directions were specified
on the basis of the tower measurements and from an inspection of the
isopleths of observed deposition for each of the trials. The
isopleth deposition patterns for Trials 2-2R and 2-3, in which the
flight path approximately coincided with the mean wind direction,
were especially sensitive to the wind direction used in the model.
For this reason, the wind directions for these trials were selected
on the basis of the best match between observed and predicted
deposition patterns, with all other inputs held constant.

Unrealistically large variations in GA and OE occurred in the
tower measurements over 1-second intervals at several measurement
heights, causing the vertical profiles of A and GE to be erratic.
For this reason, values OA and Og in Table M- for a source function
time T of 2.5 seconds were not o tained from the tower measurements,
but were selected on the basis of previous measurements of these
parameters made at DPG during similar meteorological conditions (see
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Table 5-1. Meteorological Inputs

Trial
Input

1-5 1-6 1-7 2-2R 2-3

Wind direction (degrees) 330 300 305 315 320

-15 (m see-) 3.0 1.0 I. 8 4.0 4.2

H (i) 850 150 400 350 500
m

"A (deg) {r 2.5 see) 10 5 10 5 5

a E(deg 10 5 10 5 3
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Cramer, et al., 1972).

The values of the surface-mixing-layer depth Hm in Table 5-1
were primarily determined from the vertical profiles of wind direction
and wind speed plotted from PIBAL measurements. In these profiles,
the presence of wind-direction and wind-speed shears was used to define
the bases of elevated stable layers limiting the vertical expansion of
the spray cloud.

The vertical wind-direction shear term AO'/AZ in Equation 5-7

was set to zero for all trials. Wind-direction shear has little effect
on the deposition patterns downwind from long linesources oriented
perpendicular to the wind direction, as in Trials 1-5, 1-6, and 1-7.
Ini Trials 2-2R and 2-3, where the flight path was approximately parallel
to the wind direction, the wind-direction shear had little or no effect
on the deposition pattern.

In accordance with our established procedures for nearly
instantaneous releases, the lateral a and vertical S diffusion
coefficients were set at 1.

5.4.2 Sourc 'Inputs

The fraction of the total spray weight released along the flight
path in various drop-size categories was obtained from plots similar
to Figure 2-2 showing cumulative mass versus drop size for each trial.
The settling velocity Vsi for the ith settling-velocity category
was calculated for the average drop size in eatQ, category using a
technique by McDonald (1960), which consider's the interaction of
the drag coefficient and Reynolds number on the fall velocities of
spheres. The mass fraction f. and settling velocity Vsi for each
category are shown in Table 5-2 for each trial used in the model
validation.

Values for the reflection coefficient y in Table 5-2 for each
drop-size category were obtained from Figure 5-6, which shows the curve
relating settling velocity to the reflection coefficient. This curve,
purely hypothetical, is based on the following general argument. It
is assumed that all drops with settling velocities greater than 30
centimeters per second have a reflection coefficient of zero and are
thus deposited on the ground without reflection. All drops with set-
tling velocities less than 0.1 centimeter per second have a reflection
coefficient of 1 and thus are not depositied on the ground but are
completely reflected. Additionally, it is assumed that the reflection
coefficient is linearly related to the settling velocity for
velocities from 30 to 5 centimeters per second, with a value of 0.5
arbitrarily assigned to the reflection coefficient y when the
settling velocity is 10 centimeters per second. For settling
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Table 5-2. Settling Velocities Vs, Fraction of Material f and Reflection
Coefficients y

Mean Droplet V
Diameter (m -1) fI .'

< Trial 1-5

i •-3 -3
17.0 7.25 x 10 8.00 x 10 0.80

S-2 -1
29.7 2.21 x 10 1.65 x 10 0.71

46.7 5.47 x 102 3.02 x 10 0.61

64.2 1.04 x10 3.96x 10 0.49

82.1 1.69 x 10 8.20 x 10 0.33

100.4 2.32 x 101 3.33 x 10 2  0.17

119.1 2. 81 x 10-1 9. 70 x 10.3 0.045

138.3 3.49 x 10-1 3.40 x 10 0.0

Trial 1-6

25.2 1.65 x 10- 2  7.50 x 10- 3  0.74

37.4 3.67 x 10 2  9.95 x 10 2  0.66

53.3 7.46 x 102 2.02 x 10-1 0.56

69.2 1. 26 x 10 2.72 x 10 0.44

-1 -
85.1 1.90 x 10 1.56 x 10 0.27

100.9 2.41 x 10-1 1. 14 x 10-1 0. 145

-1 -2
116.7 2.84 x 10 7.69 x 10 0.035

(continued)
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iii

Table 5-2. Settling Velocities Vs, Fraction of Material f and Reflection
Coefficients y

Mean Droplet V
Diameter 

(m sec-)

Trial 1-6 (Continued)

132.4 3.38 x 10-1 3.63 x 10- 2  0.0

148.1 4.07 x 101 2.83 x 10 0.0

-1 -3
163.6 4.78 x 10 5.90 x 10 0.0

179.0 5.45 x 10- 1  1.30 x 10-3 0.0

Trial 1-7

25.2 1.67 x 10-2 1.03 x 10- 2  0.74

37.4 3.67 x 10 2  1.17 x 10- 0.66

-2 -1
53.3 7.46 x 10 3.33 x 10 0.56

64.2 1.26 x 10 1  2.74 x 10- 0.44

-1 -1
85.1 1.90 x 10 1.39 x 10 0.27

100.9 2.41 x 10-1 7.47 x 10-2 0.145

116.7 2.84 x 10- 2.74 x 10 2  0.035

132.4 3.38 x 10-1 7.90 x 10- 3  0.0

148.1 4.07 x 10 15' io1 0.0

(continued) I
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Table 5-2. Settling Velocities Vs, Fraction of Material f e~nd Reflection

Coefficients y (coric~uded)

Mean Droplet a

Diameter (in f r

Trial 2-2R

17.0 .,17x 109. 80 x 10-3.8
29.7 2.28 x 102 9.55 x 10 0.70
46.7 5. 63 x 1023.36 x 101 0.61.
64.2 106 x 19-1 3.35 x 10-1 0.485

82.1 1. 74 x 10 ~ 1.22 x 110.315

100.4 2. 37 x10-1  6. 7 5 x10 0.155

119. 1 2. 87 x 10 1 2.57 x 10 2 0.030

138.3 3.58 x10 - 9.70 x10 3  0.0

Trial 2-3

17.0 7. 34 x 1U-3  1.50 x 10 2 0.81

29.7 2.24 x10-2  1.82 x10-1  0.71

46.7 5. 54 x 10 2 4.09 x 10-1 0.61

64.2 1. 05 x10 1  3. 19 x101  0.50

82ý1 1. 71 x10' 4.38 x102  0.295

100.4 2.34 x 101 3.12 A 1.0 0.165
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velocities less than 5 centimeters per second, the reflection co-
efficient asy,'aptotically approached 1 as the settling velocity
decreases to zero. Although other hypothetical relationships be-
tween the settling velocity and the reflection coefficient were
tesited, the curve shown in Figure 5-6 give the best agreement between
the observed and predicted deposition for all trials when used in the
deposition model.

The remaining source inputs required by the deposition model
are given in Table 5-3. The total source strength, or total weight
of the spray released along the line L, was obtained directly fromI: dissemination data. The dissemination efficiert.;y of the spray
system was determined from analyses of the cylindrical (pipe-cleaner)
sampler data from Tower 00 for Trials 1-5. 1-6, and 1-7. The total
source strength QT and dissemination efficiency Eff shown in Table 5-3
were used in Equation 5-10 to define the souvce strength for each
pn~int source used in the line-source simulation. The dissemination
eff-lciencies for Trials 1-5, 1-6, and 1-7 show that the efficiencies
f~or Trials 1-6 and 1-7, in which the solvent Duphar was used, are
nearly twice as large as the efficiency for Trial 1-5, in which No. 2
fuel oil was used. It is believed that this difference is due to
Vie rapid evaporation of the more volatile components of the fuel oil.
Since no dissemination-efficiency measurements were made for Trials
2-2R and 2-3, in which fuel oil was also disseminated, the efficiency
for Trial 1-5 was used for these trials in the model validation.

The value for the lateral source dimension GyL (see Equation
5-11) is important in the deposition calculations only when the
flight path is parallel to the mean wind direction. The value
Of OyL was estimated for the inwind trials 2-2R and 2-3 under the
following assumptions:

* All spray material is initially contained in the six
vortices formed by two wing tips and four engines

* The engine vortices quickly combine with the wing-tip
vortices to form two large vortices, one on each side of
the flight path; these two vortices sink toward the
ground and combine to form a single large ring vortex

* The distri~bution of spray material within the ring vortex
thus formed behind the aircraft is Gaussian, and the
concentration at the edge of the ring vortex is one-
tenth of the concentration at the center

Using procedures givei by Jones (1970), the sink rate for each wing-

tip vortex was calculated to be approximately 1 meter per second.
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Table 5-3. Source Inputs

Source Trial
Parameter 1-5 1-6 1--7 2-2R 2-3

QT (g) 4.040x105 2.174x105 9.195x104 2.950x105 1. 035x10 5

ETf 0.501 0.927 1.00 0.501 0.501

L (m) 1.408x104 7.376x103 7.488x103 1.028x104 8.662x103

H (i) 15 15 15 46 27

a (M) 22.3 35.8 35.8 15 15
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given by the wing span of the DC-7B aircraft, which is approximately
28 meters. As explained in Section 5.2.3, the wing-tip vortices
continue to sink toward the ground until they touch the ground.
Assuming the aircraft altitude to be 50 meters above the ground during
release and a sink rate of 1 meter per second, the wing-tip vortices
touch the ground and stop sinking approximately 40 to 60 seconds after
the passage of the aircraft. At this time, the lateral dimension
of the large ring vortex formed by the combination of the two wing-
tip vortices and the four engine vortices is estimated to be three wing
spans, or about 84 meters. The value for ayL is obtained by
dividing this lateral dimension by the Gaussian distribution factor
of 4.30 to yield a value of approximately 20 meters. This value for
0yL was used in all the model calculations.I

The vertical dimension of the spray cloud azR and the effective '

source height H for Trials 1-5, 1-6 and 1-7 were estimated from
inspection of the vertical profiles of dosage obtained from the
cylindrical samplers mounted on Tower 00. The vertical dosage

F.'profile for Trial 1-5 exhibited a peak dosage at about 15 meters above
the ground, and the dosage dropped to zero at about 63 meters above the

F ground. In this case, the effective source height was set at 15 meters,
and the vertical source dimension was obtained by dividing the
difference between 63 and 15 meters (48 meters) by 2.15 to obtain
a OzR of 22.3 meters. The vertical dosage profiles from Tower 00
for Trials 1-6 and 1-7 were relatively invariant with height, but
the top of the spray cloud appeared to be about 92 meters. In the
absence of more definitive information, the effective source
heights for these trials were also set at 15 meters, and 0~zR was
set at the difference between 92 and 15 meters divided by 2.15, or 35.8
meters. For the inwind trials 2-2R and 2-3, the effective source
height was set at the aircraft height, because the mean wind
speeds were approximately four times larger than the vortex sink rate
of 1 meter per ;econd. The value for OZR assigned to the inwind
trials was 15 meters.

5.5 COMPARISON OF CALCULATED AND OBSERVED DEPOSITION PARAMETERS

Profiles of calculated atid observed deposition versus distance
for five trials are presented in Section 5.5.1, below. As explained
in Section 5.4, deposition profiles were not calculated for the
remaining trials because of large variations in the spray rate or
large shifts in wind direction. The calculated profiles were obtained
by using the deposition model described in Section 5.3 with the
meteorological and source inputs given in Section 5.4. Observed
profiles were obtained by the procedures outlined in Section
5.2.2. A summary of the results of the model validation is provided in
Section 5.5.2, below.
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5.5.1 Calculated and Observed Deposition Profiles

Profiles of calculated and observed deposition for the trials
1-5, 1-6 and 1-7, where the flight path was nearly perpendicular
to the mean wind direction, are shown in Figures 5-7, 5-8 and 5-9,
respectively. In the figures, the solid line represents the observed-
deposition profile, and the dotted line represents the calculated-
deposition profile, for a reflection coe•fif:ient y of zero (all drops
intersecting the ground are assumed to be reýtained). The dashed
line represents model calculations made under the assumption that the
spray material is partially reflected at the ground, according to
the values of y presented in Table 5-2.

Figure 5-7 shows that the model calculations made under the

assumption of partial reflection agree with the observed deposition
profile more closely than the model calculations made under the as-
sumption of total deposition. The secondary maximum about 6 kilometers
downwind from the flight path is from drops reflected at the top of
the surface mixing layer toward the ground surface.

The agreement btween observed and calculated deposition is
not as good for Trial 1-6 as in T-ial i-5. Wind speeds recorded
at all heights on Tower 00 averaged only about i meter per second
for Trial 1-6, and the wind directions were considerably more variable
than in Trial 1-5. During the first half hour after dissemination,
the wind directions and speeds measured on Tower 00 indicate the
cloud moved slowly down the sampling grid. During the next half hour,
wind directions measured on Tower n0) became more westerly. No
meteorological measurements were recorded from Tower 00 beyond 1 hour
after dissemination Notations in the logbook of the test officer
conducting Trial 1-6 may explain the sharp drop in observed deposition
shown in Figure 5-8 beyond about 3 kilometers from the flight line
and the fact that the observed depositior is larger than the calculated
deposition between 1 and 3 kilometers from tha flight line. A
note in the logbook, made at about an hour and a half .,fter dis-
semination began, indicates that the wind near the flight line during
the last 20 minutes was from the south and west. Thus, about 1 hour
after dissemination, the wind direction near the flight line was almost
the reverse of the direction measured at the time of dissemination.
Assuming a mean cloud-transport speed of I meter per second, the cloud
should have been about 2.7 to 3.6 kilometers from the flight line A
45 minutes to 1 hour after dissemination. Since the wind shift.
could easily have occurred earlier than 1 hour after dissemiration
at this distance from the flight line, the cloud could have easily
reversed directions at this point and moved back toward the fLightIline. This reversal in cloud-transport directio;, would inciea;e
observed deposition in the region from 1 to 3 kilometers from theflight line and would explain the sharV decrease in observed deposition
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beyond thc.t distance. According to the test officer's logbook, crews
began picking up the deposition samplers, beginning at the flight line
and moving downgrid, about 1 hour after dissemination began.

Figure 5-9 shows good agreement between observed and calculated
deposition for Trial 1-7. Again, the calculated profile assuming
partial reflection of drops at the surface agrees with the observed
deposition better than the profile calculated by assuming total
deposition or zero reflection. The secondary deposition maximum
from reflection at the top of the mixing layer is also apparent.
Since the mixing depth is smaller in Trial 1-7 than in Trial 1-5,
the secondary maximum in Trial 1-7 occurs closer to the flight line
and is larger than the secondary maximum for Trial 1-5.

Profiles of calculated and observed deposition for Trials 2-2R
and 2-3, where the flight path was nearly parallel to tbe wind direc-
tion, are shown in Figures 5-10 and 5-31. Because the flight path
is approximately parallel to the wind direction, deposition occurs
on both sides of the flight path. For this reason, calculated and
observed deposition patterns are shown in the figures for both the
left and right sides of the flight path. The deposition profiles for
Trials 2-2R and 2-3 show that deposition occujrred at greater
distances to the right than to the left of the flight path. In
both trials, the flight path was not directly into the wind, but
slightly to the right or clockwise from the meani wind direction.

The calculated deposition profiles agree remarkable well with
the observed deposition profiles, especially for Trial 2-3. For Trial
2-2R, Figure 5-10 shows good agreement between calculated and observed
deposition to the right of the flight path, but the calculated
deposition to the left of the flight path is slightly greater than the
observed deposition. Since the flight paths are almost into the mean
wind direction, secondary deposition maximums from the reflection
of spray drops from the top of the surface mixing layer do not occur
within the boundaries of the sampling network. For Trials 2-2R and
2-3, the deposition profiles calculated under the assumption of partial
reflection fit the observed profiles better than profiles calculated
assuming zero reflection.

5.2.2 Sunmmary of Results

Inay~ the use of deposition modeling techniques to characteviie the
srydeposition observed during the spray trials, atterliun was
centredon the five trials (three crosswind and two firwind) for
wihcomplete sets of satisfactory measurements were available. The
remaningfive trials were excluded from consideration because of

uncertainties in the spray-metering system and anomalous deposition
patterns caused by large shifts or reversals in wind direction after
release.
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For these five trials, it has been possible to characterize the
deposition pattern produced by the spray system beyond 100 meters
from the flight path, by a generalized deposition model for elevated
line-source releases using source and meteorological inputs derived
from measurements made during the trials. Source inputs for the
three crosswind trials were principally obtained from the geometry
and composition of the spray cloud a few minutes after the passage
of the aircraft as revealed by analyses of spray collections on the
94-meter tower approximately 100 meters downwind from the flight

line, aircraft data and drop-size distributions based on the
counting and sizing of drop stains on Printflex-card samplers.

No attempt was made in this study to calculate, for any of
the five trials, the deposition pattern directly below the flight
path, This requires a detailed knowledge of the structure of the
trailing vortices and the interactions of this vortex systemI
with the spray droplets and the atmosphere during the first 60 to 100
seconds after the spray is discharged.

One of the new features of the generalized deposition model
V involved partial-reflection coefficients, which depend on drop

size and settling velocity. The partial-reflection coefficients were
used~ to determine, for each drop-size category, the fraction of the
spray deposited on the ground. Specific v~alues for the partial-
reflection coefficients used in this study may not apply to other
sites where the properties of the ground are different. This
question can probably be answered only by conducting similar field
experiments at other locations.

It is important to note that the success of the generalized
deposition model in characterizing the deposition pattern strongly
implies that the downwind drift of the spray clouds may also be
successfully modeled. Because of time limitations and the fact

[ that no ineasurenients of downwind drift were made, model calculations
of downwind drift were not attempted. However, these calculations can
be made by using the generalized concentration-dosage model for
elevated line-source releases, with a vertical term that includes
both settling and partial relfection. This model is available
in comr~put-erized form and has been successfully used in recent work
for DPG.

Only a relatively small number of trials were conducted and
some important types of measurements, such as downwind drift, were
not included. However, the results clearly demonstrate Ithe
feasibility of quantifying the performance of the DC-7B spray
system with respect to deposition patterns and downwind drift through
the use of modeling techniques in combination with similar field-
measurement prog rams.
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APPENDIX A -ASSESSMENT TECHNIQUE3

The analytical chemical -lethods, droplet sizing and counting
procedures, and data re.duction schenias used to evaluate the empirical
results generated un this test are delineated herein.

1. Determitiatloii of' Physical Properties of upAhar

Selected physical properties of Duphar were requested h 'y FAQ
to peruvlt evaluation of the data acquired in Trials 1-6 and 1-7. The
properties listed in Table A-i were determined for the unknown Duphar
sample supplied by the test sponsor using guidelines set forth in
American Society for Testing and Materials (AS'rM) Standard Designation,
Parts No. 17 and 18.

A-1

I-



2. Gas Chromato raphy Analysis of Endotulfan

A gas chromatography (GC) method for the analysis of Endiosulfan
was develooed for support of Trial 1-5. Analytical techniques and
operational parameters for the analysis were as follows:

a. Apparatus. A Hewlett-Packard Model 5713A gas chromatograph
equipped with an 8-foot stainless-steel column having a 1/9-inch inside
diameter (packed with 5 percent SP-2401 (QF-1-on 80/100 mesh Chromosorb
750) and a 6 3 Ni constant current election capture detector was utilized
for the analysis of Endosulfan. Chromatography was conducted at column
and detector temperatures of 2350 C and 3000 C, respectively, and at a
carrier (10 percent methane in argon, coimonly called T gas) flow rate
of 35 milliliters per minute. A digital integrator (autolab Model IV)
was used to determine peak areas and retention times. The integrator
times were: TI = 50 seconds; T2 = 325 seconds; and T4 = 400 seconds.
The slop sensitivity (SS) was 200, and the peak width (PW) was 7.

b. Internal Standard Solutions. The solution consisted of 0.5
microgram per milliliter of Aldrin in n-heptane.

c. Sample Solutions. 1.ndosulfan (provided by the FAO represent-
ative) was dissolved in n-heptane over a concentration range of 0.01 to
5.0 micrograms per milliliter.

d. Procedure. Three micoliters of sample solution were injected
into the sampling port using a Hewlett-Packard auto injector.

e. Results-

(1) The retention time for Aldrin was 79 seconds. The
retention times for Endosulfan were 128 and 197 seconds (Endosulfan occurs
at two~insomers: Endosulfan I, with melting point of 1060 C, and
Endosulfan II, with melting point of 2120 C). Attempts to speed the
analysis times by unresolving the two peaks with a short nonpolar column
were unsuccessful.

(2) A small carryover was observed after inspection of
sample solutions having high concentrations (5 micrograms per milliliter);
hence, the maximum wash cycle was used. A significant reduction in
response was encountered when sample solutions of 6 to 10 micrograms per
milliliter were analyzed; therefore the range of the Endosulfan analysis
was restricted to a concentration range of 0.01 to 5.0 micrograms per
milliliter.

(3) A precision run of 53 standards was made in the 0.01
to 5.0 microgram-per-milliliter range. Regression analysis of the run
indicated a correlation coefficient (R) of 0.999862. The standard
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deviation for each of six sample solution concentrations is given below:

Endosulfan
Concentration Standard

(ug/ml) Deviation
0.01 0.0143

0.05 0.0081

0.10 0.0165

0.50 0.0046

1.00 0.0015

5.00 0.0211

(4) Endosulfan was extracted from each sample collected
from the vertical sampling tower (five pipe cleaners) using amixture of
10 millilitrrs of n-heptane spiked with Aldrin at tha rate of 0.5 micro-
gram per milliliter, plus 10 milliliters of 0.1 normal (O.1N) sulfuric
acid. The single pipe cleaners collected from the downwind sampling line
were extracted using a mixture of 5 milliliters of n-heptane spiked with
Aldrin at the rate of 0.5 microgram per milliliter plus 10 milliliters
of O.1N sulfuric acid.

(5) A correction factor to adjust the Endosulfan concentra-
tion values obtained from field samples for extraction losses during
sample preparation was developed. The GC analysis results gave uncorrected
concentration values between 0.01 and 1.44 micrograms per milliliter.
Extraction efficiency was run on known Endosulfan concentrations of 0.1,
1.0, and 10.0 micrograms per milliliter. It was obvious that the relation-
ship between concentration and extraction efficiency was not linear;
however, over small increments, a linear model was acceptable. The
data-extraction efficiency was:

Concentration (g/ml) 0.1 1.0 10.0

Extraction (percent) 86.6 97.4 99.2

Since 1.44 micrograms per milliliter was the highest sampler
value encountered, it was decided to fit a linear model using only
extraction data from concentrations of 0.1 and 1.0 microgram per milliliter.

The linear model used was of the form:

y =a + bx
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where: y = correction factor or reciprocal of proportion

of Endosulfan extracted

a = intercept

b = slope

x = log of concentration

Using the two-point equation, we obtained:

y = 1.03 - 0.12x

Caution should be exercised in using the above function for
values much above 1.0 microgram per milliliter.

3. Meteorological Data Reduction

a. Wind speed and direction were measured and recorded as
1-second instantaneous values and averaged at 30-second intervals from
5 minutes before release time until the cloud passed the downwind perimeter
for the sampling grid (based on the mean cloud-transport speed).

b. Horizontal and vertical components of wind direction were
measured and recorded as 1-second instantaneous values and computed at
5-minute standard deviations of the wind azimuth (GA) and standard
deviations of the elevation angle (0E).

c. The height of the mixing layer was computed using Lhe
rawinsonde data.

d. Standard surface observations were measured and recorded
by the meteorologist in charge.

e. The combinabion of all meteorological data was used to
define the mean layer wind velocity, mean transport speed of the droplet
cloud, and other pertinent meteorological parameters required for math-
ematical modeling.

4. Ultrayiolet (UV) SpectrpgrAphv Analvsis of CI 258 Dye in Field

The pipe cleaner and filter-paper samplers used in this project
were inserted in test tubes and the dye extracted using 15 milliliters
and 30 milliliters of isopropyl ilcohol, respectively. The samples were
then shaken 1 hour (via electric shaker). Aliquots were taken and
analyzed by UV spectrography using the following method:
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a. Equipment. Spectra scans were obtained with Beckman (Model
DV) recording spectrophotometer using 4-cm quartz cells (flow-through type)
and linear wavelength and absorbance with digital print-out. Calibration
was achieved using prepared standard solutions having CI 258 dye values
of 0.0, 0.25, 0.5, 1.0, and 2.5 micrograms per milliliter. The relation-
ship of dye concentration to absorbance was linear.

b. Analysis. CI 258 dye concentration can be determined by
UV spectrometry at 512 millimicrons in a 4-cm cell over a nominal
concentration range of 0.5 to 2.5 micrograms per milliliter with a
lower detection limit of 0.3 microgram per milliliter. The average
sensitivity of the analysis was 0.34 absorbance unit per microgram per
milliliter (or 340 chart units per microgram per milliliter).

c. Deposition Density Estimates. Dye concentration values
in micrograms per milliliter) were converted to deposition density
mg/m 2 ) using the following scheme:

Depositi~n Density = (GR-LB) (DF) (SV)
(mg/m?) (S) (A) (0.1)

where: GR = Gross reading (Y/ml)

LB = Value of laboratory blank (y/ml)

DF = Dilution factor

SV = Solution volume (ml)

S= Sensitivity

A = Area of sampling surface

d. The amount of dye recovered by pipe cleaners (in ,,1g/m 2 )
were estimated as follows:

Recovry - LB) (DF) (SV)(mg/m) : (S) (A)(0.1)

where: A 4.54 cm2

NOTE: When five pipe cleaners were used, the above area (A) was multiplied
by 5.

5. Estimation of Drop-Stain Relationship of Dyed Fuel Oil No. 2 and
Duphar for Printflex-Card Samplers.

The relationship of droplet diameter to stain size for dyed Fuel
Oil No. 2 and dyed Duphar was determined using the following sequence:
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a. Droplets of 10 to 350 microns were generated as described
below and deposited on Printflex cards.

b. The stains were sized using three techniques: (1) visually,
wvith a laboratory microscopic; (2) visually with a 7X measuring magnifier;
and (3) instrumentally by Quantimet at Los Alamos Laboratory. Selected
trials were also processed using the automatic spot counter and sizer(ASCAS).

c. The data were fitted to a second-order regression equation
to obtain the relationship of droplet diameter to stain size. Comparisons
were made of the three data sets, and the visual method utilizing the
7X measuring magnifier was selected as the standard. The magnifier
values were weighed against the microscope values to obtain a realistic
regression line. Detailed descriptions of droplet-generation and
sizing and counting techniques follow.

6. Techniques of Generation, Capture. Sizing,_Transfer and Measure-
ment of Droplets and Stains - The Salomon Techniquea

a. Generation of Aerosol: A heterogeneous aerosol of droplets
was generated by an inexpensive apparatus commonly employed for spraying
chromatograms with developing agent (e.g. Quixspray, Cole-Parmer Instrument
Co., Chicago, Illinois, Catalog No. 9830). Basically, this consists of
a small jar containing the fluid to be aerosolized, connected to a replace-
able can of propellant (Figure A-l). The Cole-Parmer equipment is more
versatile than the "blown needle" generator in the range of viscosities it
will accommodate. The "blown needle," of the type described by W.R. Lane,
J. Sci. Instc, 24, 98 (1947) (supplied through the courtesy of M.B. Fromm,
Edgewood ArsenaTT affords a source of homogeneous droplets. It has also
been used successfully in this application. It is a much less efficient
source of droplets and far more difficult to construct and maintain, but
does have the advantage of predictability of particle diameters. For
special circumstances, the latter factor may become a sufficiently
important advantage to warrant adoption of such an aerosol generator.
In the present work, this was determined not to be the case.

b. Capture of Droplets: The aim was to capture droplets on
the apex of a V-shaped wire and subsequently to measure the diameter of
the droplet and transfer it to suitable paper stock (such as Printflex-
cards). Since the efficiency of the generator is visibly good in terms
of numbers of droplets disseminated per unit of timeor volume of air,
the probability of capture of a droplet in a matter of seconds was found
to be excellent. The size of the captured droplet cannot be controlled
without the blown-needle apparatus. However, by moving the V-shaped wire

a
Technique developed by Dr. Lothar L. Salomon of Dugway Proving Ground

(to be published).
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into or out from the center of the cone-shaped spray, or moving it nearer
to or farther away from the nozzle, the probability of trapping a larger
or smaller droplet is enhanced. For efficiency, several wire holders
were suspended on a rack, V-shaped wire downward, and exposed simultaneously.

c. Determination of Droplet Size. The wire holders were attached
to a microscope stage using a spring clamp, with the apex of the V-shaped
wire downward (see Figure A-2). The diameter of the droplet was then
measured using a 50-division eyepiece micrometer (graticule) calibrated
against a stage micrometer (2 mm divisions divided into units of 0.01 mm,
American Optical Co., Buffalo, NY) at 250X magnification or the graticule
described by G.L. Fairs, Chemistry and Industry, 62, 374 (1943). Each
combination of graticule, eyepiece and objective lens was calibrated
separately. The purpose of orienting the V-shaped wire as described was
to permit detection of deformation in the droplets. However, over the
range of sizes employed, up to approximately 350 pm diameter, droplets
appeared to be perfectly spherical except when diameters are 15 pm or
less. The 5 pm wire used to trap droplets (tungsten wire, Goodfellow
Metals, Ltd., Ruxley Towers, Calygate, Esher, Surrey, England KTIO OTS)
contributes to the volume of the droplet and thus tends to cause over-
estimation of the diameter

The corrected diameter (d) can be approximated by

d = 3 d ' (d '2 - 37.5)

where d' is the measured diameter of the wire-suspended droplet. Cor-
rections are not appreciable except for very small droplets, as seen in
the following table.

Measured d' Corrected d Overestimate
(m) (UM) (% of d)

10 8.55 17
15 14.1 6
18 17.3 4
21 20.4 3
30 29.6 1

d. Transfer to Paper Stock. After the diameters of trapped
droplets were determined, the droplets were transferred to the paper
stock used for deposition sampling in the field (see Figure A-3). This
transfer required careful technique and steady hand to avoid touching
the wire itself to the paper (which will distort the stain). A suitable
magnifier (e.g., the optivisor with 3.5X magnification, from LA Pine
Scientific Co., or magnifier with spot illuminator and 3X magnification
from Cole-Parmer Instrument Co.) is virtually indispensable. Each
resultant stain was marked for identification. If the droplet consists
of a fluid with significant vapor pressure, rapid transfer to the paper
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after measurement of the diameter is essential. (The rate of evaporatiorn
can be minimized by working at low temperatures and in an enclosure
saturated with vapor of the given fluid.)

e. Measurement of Stains and Spread Factors. After 24 hours,
to permit diffusion of the fluid within the paper, stains were measured
microscopically at 50X magnification, essentially to determine droplet
diameters. The microscope stage was in the normal horizontal position,
and the paper was illuminated from above.

In many instances, the stain was not circular, because of
variation in the orientation of the fibers or structure of the paper.
Therefore, two measurements were made routinely to determine the long
and short axes (a and b) of the elliptical stain. The diameter d of a
circular stain was then established using the relationship.

d = ab

Most often, a and b do not differ greatly. In general, when the V-shaped
wire touches the paper during transfer of droplets, a and b are grossly
different, and the stain is useless for determining stain factors.

Ratios of the diameters of stains to droplet diameters are
the "stain factors." For No. 2 fuel oil and Duphar Solvent D, over the
sizes examined the stain factors are not linearly related to droplet
diameters.

f. Estimation of Droplet Diameter from observed stain size.
The drop diameter was determined by the method described in section
6.c, Appendix A. The stain diameter was found by the manual method using
7X measuring magnification. The data obtained were fitted to a second-
order equations of the form:

y = a + bs + cs 2

where: y = drop diameter

s = stain diameter

a, b, c are regression coefficients

The resulting equation for dyed fuel oil No. 2 is:

y = 12.19 + 0.1221S + 1.044 X 1_-5 S2
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The resulting equation for dyed Duphar is:

y = 20.53 +0.1193S - 0.2213 X 10-5 S2

7. Droplet Assessment Using 7X Measuring Magnifier

The same droplet cards assessed by the laboratory were assessed
using a 7X measuring magnifier. The Printflex cards from all acceptable
trials were also assessed using the following techniques:

a. The cards received from the laboratory contained 60 to 130
stains (oach stain enclosed in a penciled square and numbered). Each
"stain was sized and the measurement obtained and recorded according to
the numerical identity of the droplet. These values were than used to
compare thelaboratory and manual techniques of stain sizing to isolate
operator bias and to permit weighting of the second-order equation
relating droplet diameter-stain size. Details of this statistical compar-
ative analysis are in Chapter 4.

b. Printflex cards (identified by grid position) received from
each field trial were assessed in the following manner.

(1) Each sampler was visually inspected and the deposition
density classified as light, medium or heavy. The stain distribution
was also observed, to isolate atypical characteristics (if all stains were
located on a portion of a sampler, it may indicate that the sampler was
not placed at the sampling station properly).

(2) A Printflex card with a square cut out of the center
(measuring 6.81 centimeters on a side) was placed on the sampler to be
assessed. The size of the cutout was based on the fact that a I-square
centimeter section of 35 mm film is processed using the DPG automatic
spot counter and sizer (ASCAS). This 1 x 1-centimeter section, when
adjusted by the photoreduction factor, is equivalent to an area measuring
6.81 to 6.81-centimeters on a Printflex-.card sampler. Subsequent ASCAS
versus visual stain assessments can be compared, since the sections
processed are equivalent.

(3) Sixteen stain-size categories were selected, based
on the range of stain sizes exhibited in the field trial. The categories
selected were used for all assessment methods to permit statistical
comparisons.

(4) Each stain within the cutout was sized by category
for all samplers exhibiting light deposition (x,150 to 250 stains). The
cutout was divided into seven vertical sections (each approximately I cm
wide) marked, and the value recorded for each section.
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(5) Assessment of cards exhibiting medium deposition
(approximately 300 to 1000 stains) was limited to one-half of the cutout.
This portion was divided into seven vertical segments (lines drawn at
0.5-centimeter intervals). Each stain in each segment was sized by
category, marked and recorded.

(6) Assessmeat of cards exhibiting heavy deposition
(>1,000 stains) was limited to one-fourth of the cutout. This portion
was sectioned into seven vertical segments (with vertical lines drawn
at 0.25-cm intervals). Each stain in each section was sized by category,
marked and recorded.

(7) The size-count summary for all cards associated with
a given trial were submitted For evaluation of the droplet spectra (see
Paragraph 8.c).

8. Droplet Assessment Using ASCAS

i. Operation. The droplet stains on the collecting cards were
photographed. (Unfortunately, debris or smudges on the cards were also
photographed and were later indistinguishable from mixture stains. This
introduced an irremediable error; all errors of the ASCAS procedure
were reconciled, as will be discussed in the following paragraphs.)Sixteer
size intervals (O-Si, SI-S 9 , , S1) were selected to cover all
stain diameters on the cards ofwthe gian est. A small section of the
film (I x 1 cm) was counted, and the spots weý.e grouped into the 15
size intervals. The machine uses a "flying spc-t scanner," which scans
the pic.ture in approximately 1,000 passes, and electronic circuits to
size each intercepted spot and determine its contiguity with previously
intercepted spots; a count is entered into the size group interval cor-
responding to the largest part of the stain. The machine scans the
picture 16 times, each time counting those spots larger than the present
sizes (S 1, Sp, . , S16 ). The net count in each group is then deter-
mined by subLraction.

b. Errors in ASCAS Procedure. A variety of potential errors
associated with the determination of the droplet-size distribution by
the ASCAS procedure are not discussed. One of the most obvious problems
is that of overlapping stains, The machine often fails to separate .

contiguous stains and thus enters erroneous counts in some size groups
which also may be too large (see Figure A-4). In case a (of Figure A-4),
two counts, D2 and Dr,, will be recorded. In case b, only one count
(Dmax) will be entered if the scanned size-group interval length Si is
less than Dmin; when Si > Dmin, separate counts (D1 and D2) will be
entered.

Another problem evolves from the fact that the machine has a
minimum resolving diameter Dr; any spots with diameters less tharn r D
will be omitted, and separated spots will sometimes be counted as one
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film (I x 1 cm) was counted, and the spots were grouped into the 16
size intervals. The machine uses a "flying spot scanner," which scans
the picture in approximately 1,000 passes, and electronic circuits to
size each intercepted spot and determine its contiguity with previously
intercepted spots; a count is entered into the size group interval cor-
responding to the largest part of the stain. The machine scans the
picture 16 times, each time counting those spots larger than the present
mined bj subtraction, S1 6 ). The net count in each group is then deter-

b. Errors - ASCAS Procedure. A variety of potential errors
associated with the determination of the droplet-size distribution by
the AS(;AS procedure are not discussed. One of the most obvious problems
is that of overlapping stains. The machine often fails to separate
contiguous stains and thus enters erroneous counts in some size groups
which alo maý be too large (see Figure A-4). In case a (of Figure A-4),
twu counts, D2 and Urn, will be recorded. In case b, only one count
(Omax) will be entered if the scanned size-group interval length Si is
less than Drain; when Si > Drmin, separate counts (Di and D2) will be
entered.

Another problem evolves from the fact that the machine has a
minimum resolving diameter Dr; any spots with diameters less than Dr
will be omitted, and separated spots will. sometimes be counted as one
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spot when the separation is less than Dr.

If the center of a spot's film image is too light in color,
a double count may be recorded (see Figure A-5). If the white and
dark machine thresholds are not carefully set, light smudges on the
collecting cards may be counted as a spot or else the borders of a
blurred spot may not be determined correctly and the recorded spot
diameter is too small.

mehdC. Spectra Evaluation. The relevant definitions and numerical
mtosrequired to interpret the entries in Table A-2 are given below:

(1) Sti imtrupper limits (u) are equal to the
lretdiameter stains considered in the various size intervals.

(2) Droplet diameters (u) were based on the following stain-
to-drop functions:

Fuel oil drop diameter (u) =12.19 + 0.1221S + 1.044 X 10-5S2

Duphar drop diameter (u) = 20.53 + 0.1193S - 0.2213 X 1-S

where: S =stain diameter.

(3) The 16 droplet-stain diameter (u) category or interval
averages were based on the expression:

(U3- 0) / 3(U - L)½

where: U = Upper limit of the droplet size interval

L = Lower limit of the droplet size interval

as ollws:(4) Droplet masses are based on the density of the mixture

Fuel oil - 0.847 gram per milliliter

Duphar - 0.870 gram per milliliter

Two field trials (Trial 1-5 and 2-2R) were processed with the
ASCAS procedure. Fuel oil No. 2 was used in both trials. The droplet
spectra. obtained by evaluation of ASCAS, Quantimet, and 7X magnifierI
data were compared (see Chapter 4). The minimum resolving diameter, Dr,
for ASCAS assessment is approximately 80 microns. The results indicate
that droplets in the first three categories (average drop diameters
ranging in size from 16.9 to 48.7 microns) could not be adequately
assessed by the ASCAS technique. Results of the droplet spectra using
ASCAS input data gave overestimates of volume median diameter, number
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median diameter and deoiindniyfor the spray system.

* 9. Fluorescent Particle (FP) Assessment

Rotorod samplers equipped with H and U rods were used in Trial
1-5 to sample the green fluorescent particles in the spray mixture, from
the dissemination line downwind to approximately 10 miles. All rods were
rotated at 2,400 revolutions per minute, which was equivalent to an
aspiration or flow rate of 41.3 liters per minute. After the trial was
completed, all samples were collected and the number of FP s on the
collections rods were assayed in accordance with Standard Operating
Procedure No. 47, Life Science Laboratory, DPG. The general procedure
steps are given below:

a. A rotorod may contain one to four samples: one sample if
the rotorod is rotated clockwise (CW), a second sample when rotated
counter-clockwise (CCW), a third sample when the rotorod is rotated in
both directions with one color, and a fourth sample when the two colors

K of FP are released during both rotations. The rotorod was fitted into
tne plastic jig and inserted onto the mechanical stage of the microscope.
The plastic jig was oriented on the stage so that the two adjacent arms
of the collecting surface to be examined were parallel to the front edge
of the stage. The other two adjacent collecting surfaces of the rotorod
than projected out beyond the front of the microscope and faced downward.

Two types of ultraviolet (UV) lights are used when counting
FP:

General Electric H100BL38-4 mercury lamps, adapted to micro-
scope illuminator housing with condensing lenses, were used in sets of
two per microscope. Two lamps were oriented and focused so that two
small, narrow beams of UV light crossed imm~ediately under the objective
of the microscope and in the center of the field of vision. The room was
dark for counting. When a Metronics Associates, Inc., IJV light source
(Model UV 85-1) was used, only one lamip per microscope was necessary, and
counting was done in subdued light. These lamps were adjustable and
produced a narrow beam of light that crossed the sample immediately
under the objective of the microscope.

b. A monocular microscope with 10OX magnification and three
oculars (each containing a different size mask) was used for counting.
The small mask was approximately ¼, mm wide, the medium mask approximately
1 mm wide. Each set was calibrated with a certain microscope and used
only with that microscope. After each sample was completed, the microscope
number and the appropriate mask size were recorded on the data sheet
(Figure A-5). For the initial inspection of the sample, the 1-mm mask
was used.
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When the 1-mm and ½-mm masks were used, the edges of the
rotorod were within the width of the masks, but the -n-mm mask did rot
contain the width of the arm. When counting a strip with the ¼-mm
mask, it was necessary to start at one edge of the arm and move to the
other edge, at right angles to the length of the arm. Therefore, a
scanned strip always comprised a rectangle whose sides were defined by
the width of the arm and the width of the mask.

c. After a preliminary scan, if it was determined there were
eight or fewer particles per 1-mm-wide strip, the entire arm was counted
and the total recorded in the "Arms Total" column of the data sheet.
Toe total count reported for the complete sample was the sum of the
counts of the four arms, and was recorded in the "Total column. When the
average count per 1-mm strip was more than eight but less than 25 particles,
five strips selected at random were counted on that arm and each total
recorded in the "strip Count" columns. When there were 25 or more
particles but less than 50 per 1-nm strip, two strips per arm were
selected at random, counted, and recorded in the strip-count column.
When there were 50 particles or more but less than 100 per 1-mm strip,
one strip per arm was selected at random, counted, and recorded in the
strip-count column. When there were more than 100 particles per 1-mm
strip, the next smaller mask (½-mm) was used and the above procedure
was followed, except that ½ or ¼-mm masks were never used for scanning
the entire arm. When there were more than 100 particles per ½-mm
mask, the next smaller mask (¼-mm) was more and with the same counting
and recording procedure. The ¼-mm mask was used when the count was
greater than 100 or more particles per strip.

(1) The same mask size was used for the same sample; i.e.,
no masks were switched in going from one arm to the other while counting
the same sample.

(2) When fields were selected at random and they contained
known contamination or had been scrapea or otherwise altered from the
original sample, another field was selected that was more representative
of the original sample. When two arms were scanned and found to be
negative, tne entire sample was considered negative.

(3) All masks were oriented parallel to the horizontal
movement of the stage.

d. After an average count for each arm was determined from

the strip counts, it was recorded in the "Average Count" column. The
four average counts were then added and the sum, rccorded in the "Total
of Averages" column. The totals of averages were then multiplied by the
appropriate multiplication factur (see Table A-3) and the product was
recorded in the "Total" column to three significant figures. The latter
value was the total estimated count for the sample corrected to a re-
ferenice "flow rate" of 41.3 liters per minute.
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TABLE A-3

Multiplication Factor for H Shaped Rotorods
Bio Division Microscopes 1 through 7

Rotorod Am Length - 30 mm
Rotorod Arm Width - 0.41 mm
Reference Flowrate 41.3 liters per minute
Actual Flowrate 44.5 liters per minute at 2400
revolutions per minute.

MICROSCOPE NOMINAL MASK ACTUAL MASK MULTIPLICATION FACTOR
NUMBER WIDTH WIDTH(mm)

1 1.12 24.9
½ 0.57 48.9
4 0.27 103

1 1.10 25.3
2 ½ 0.56 49.8

¼ 0.28 99.6

1 1.14 24.5
3 J½ 0.56 49.8

, 0.26 107

1 1.12 24.9
4 ½ 0.56 49.8

S0.26 107

5 2¼

1 0.99 28.2
6 ½ 0.51 54.7

4 0.25 112 I
1 0.95 29.3

7½ 0.48 58.1
0.24 116
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e. The multiplication factors given in the table applied only

when the dimensions of the masks and rotorod collectors remained unchanged
(and if rotorod collectors were used at 2,400 revolutions per minute).
Therefore, the assessor insured that:

(1) proper mask and microscope were being used;

(2) dimensions of each production lot of rotorods were
measured with calibrated equipment;

(3) correct multiplication factors were calculated and used,
corresponding to the particular mask, microscope and dimension of rotorod.

For each direction of rotation and each color of FP on the
rotorod, a separate total estimate was made.

Particle counts were not listed as fractions but were rounded
off at the nearest particle, and totals in excess of 99 were reported
in three significant figures.

For moderate to high counts, the separate average counts for
each arm were within 20 percent of each other. For very low counts,
agreement within 50 percent is realistic.

f. The courits obtained from the laboratory were used to character-
ize cloud intensity at long distances downwind (see Chapters 4 and 5).

10. Droplet Assessment Using Quantimet

Printflex-card samples from Trials 1-5 and 2-2R were assessed using
the Quantimet 720 System, by Los Alamos Scientific Laboratory (LASL),
Los Alamos, New Mexico.

a. System Description. 1 The Quantimet 720 (manufactured by IMANCO,
New York) is an image-measuring device consisting of three major components
(the vidicon, the detection component and the computer component). The
vidicon generates the video input of the image being measured as an analogue
electronic signal. The detection component assesses the features of the
object under scrutiny and converts the analogue signal into digital form.
The computer counts and sorts the images detected, according to the pre-
selected stain-area categories. A number of stain-area size categories
(25 categories) can be preselected to match the experimental goals. This
system, when used for area-size determinations, is capable of 450 analyses
in continuous operation or 600 analyses daily. The information, recorded
on cassette tape, can be manipulated, reformated, or used for calculation
on LASL's or other computer systems.

1Letter, CMB-11, University of California, Los Alamos Scientific Laboratory,
Los Alamos, New Mexico 24 March 1975.
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b. Operation. The droplet stains on the collecting cards
were measured directly from photographs. Two small sections of each
card (4 square centimeters per section) were counted and for ths test,
the spots grouped into 16 preselected area-size categories. The size of
the section was constrained by the field of view covered by the 63-n~i
lens used to detect the small stains generated by the spray system in
this test. Two sections were analyzed to obtain assessment of the stains
encompassed by a representative 8-square-centimeter area for comparison
with ASCAS and visual counting methods. The Quantimet 720 system uses
a vidicon to scan each droplet stain. The scan yields the "identical
stain image" transformed into an analogue electronic signal. The
detection component changes the analogue signal into digital form. The
"digitized" droplet stain detected is counted and sorted by a semihardwired
computer. The area and perimeter of each stain detected is measured, and
the total area and total perimeter are recorded for later use. (The
recorded values are used as an internal quality check on the Quantimet
720 measurement).

c. Spectra Evaluation. The relevant definitions and numerical
methods required to interpret the entries in Table A-2 are given below:

(1) Stain diameter upper limits (u) are equal to the
largest-diameter stains considered in the various size intervals.

(2) Droplet diameters (u) were based on the following
stain-to-drop functions:

Fuel-oil drop diameter (u) = 11.66 + 0.1322S + 0.8115 x 10- 5 S2

Duphar drop diameter (u) = 12.36 + 0.1386S + 0.5883 x 10-5S2

where: S = stain diumeter

(3) The 16 droplet-stain diameter (u) category or interval
averages were based on the expression:

(U3 - L3 ) / 3(U - L) ½

where: U = Upper limit of the droplet size interval

L = Lower limit of the droplet size interval

(4) Droplet masses are based on the density of the mixture
as follows:

Fuel oil - 0.847 gram per milliliter

Duphar - 0.870 gram per milliliter
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Two field trials (Trial 1-5 and 2-2R) were processed.
Fuel oil No. 2 stained qith DuPont oil red dye was used in both trials.
The droplet spectra obtained by eval'uation of ASCAS, Quantimet, and data
were compared (see Chapter 4). In general the number of stains counted
and sized for each trial by Quantimet was lower than visual assessment
by approximately 25 to 50 percent. The volume median diameter (vmd)
and number median diameter (nmd) obtained by Quantimet and visual methods
for Trial 1-5 were comparable (within + 2 micrometers). For Trial 2-2R,
the vmd were comparable but the nmd were in variance by 8 micrometers.
In both cases, the Quantimet assessment of mass was lower than visual
by at least 40 percent. Results obtained from this limited data base
indicate that the Quantimet 720 system can be used to rapidly obtain a
valid assessment of the vmd and nmd of the overall trial but cannot
assess the mass within the ground-level spray-deposition pattern.
Precision is lacking because of these possible reasons: (1) the dye used
in this test did not provide the expected sharp contrast between the
Printflex-card background and stains deposited on the cards; (2) the
range of stain sizes (more than 90 percent of the stains assessed were
produced by droplets less than 70 micrometers in diameter) associated
with these trials were below the optimum resolution range of the 63-mm
lens; and (3) a combination of the above factors. The lower minimum
resolving diameter for Quantimet is less than 20 micrometers, lower than
ASCAS by a factor of 4.

The Quantimet system is being upgraded by incorporation
of an improved detector component designed to reduce the errors in
feature definition (errors attributable to halos around the stains) and
to increase discrimination of grey levels between background and stain
contrast with which may significantly improve capability of this system
to assess spray droplets. A better dye system may also enhance the
assessment capability of the Quantimet 720.
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Table B-II. FP Data for Trial 1-5 (3-1) Project 'DO-0)29 (1i1 Spray)a

FP Count FP Count

Station U-Shaped H-Shaped Station U-Shaped H-Shaped
No. Rotorods Rotorods No. Rotorods Rotorods

B-10 3540 1360 B-27 12 10

B-1i 3860 1275 B-28 4 16

B-12 860 254 B-29 24 6

B-13 520 232 B-30 10 20

B-14 630 276 B-31 20 18

B-15 1400 732 B-32 32 28

B-16 0 rod B-33 28 28missing

B-17 34 24 B-34 36 16

B-18 194 92 B-35 49 28

B-19 120 36 B-36 48 40

B-20 18 6 B-37 38 46

B-21 26 4 3-38 34 44

B-22 42 20 B-39 24 29

B-23 12 6 B-40 18 18

B-24 14 12 3-41 42 34

B-25 13 8 B-42 10 14

B-26 4 6 B -43 30 14

(continued)

B-29
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Table B-1i. FP Data for Trial 1-5 (3-1) Project 000-029 (U'I Spray)a

(concl uaeo)

FP Count FP Count

Station U-Shaped H-Shaped Station U-Shaped H-Shaped
No. Rotorods Rotorods No. Rotorods Rotorods

B-44 8 0 B-52 20 10

B-45 6 6 B-53 10 8

SB-46 28 B-54 16 18

B-47 6 8 B-55 8 16

B-48 24 10 B-56 14 16

B-49 6 6 B-57 9 10

B-5O 18 10 B-58 11 12

B-51 14 12 B-59 30 14

a The initial ratio was 4.03 grams FP per gallon No. 2 fuel oil.

The preflight sample was 0.7 grams FP per gallon of fuel oil for
Tank 5, and 0.6q grams FP per gallon fuel oil for Tank 6.

The post-flight sample was 0.95 grams FP per gallon of fuel oil for
Tank 5, and 1.6 grams FP per gallon o,' fuel oil for Tank 6.
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