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EXECUTIVE SUMMARY

Studies conducted in recent years have resulted in greater impor-
tance being attached to chemical defense against attack by thickened agents
of intermediate and low volatilities. If the contaminant is a thickened
chemical agent, droplets significantly larger than normal will be deposited
on a target area, posing a longer term hazard for liquid contact. Further,
the droplets constitute an emitting source for the formation of a secondary
vapor cioud. Under some conditions, the hazard from the vapor may outweigh
that from the liquid. These effects have been modeled in several ways, but
selecting the most appropriate formal model and model improvements has been
handicapped by a lack of sufficient experimental data to verify the modeling
aspects. One of the critical data gaps pertains to the quantity of vapor
that becomes airborne and its rate of evolution from dropiets of thickened CW
agents deposited on various natural-occurring surfaces and common structural
materials.

Phase III of a three-phase research program designed to fill part
of this data gap has been completed. Basic experimental information has been
obtained to characterize the evaporation and sorption losses of thicxened
liquid droplets deposited on two leaf surfaces (Northern Red Oak and Shaghark
Hickory) under a variety of conditions.

To aid in identifying and clarifying the most critical parameters
controlling the persistence and evaporation characteristics of thickened
l1iquid droplets deposited on & leaf surface, a bi-level fractional factorial
experimental design was followed. The variables treated included the
following:

e Liquid viscosity: 100 and 1,000 centipoise (cP); the liguid
simuiant was thickened with EA K125 copolymer to achieve the specified zero
shear viscosities

o Average wind speed over the droplets: 3 and 11 mph

e LlLeaf surface: either the bottom or top surface of the leaf was
contaminated

o Leaf type: oak and hickory Teaves collected from the Edgewood
Area of Aberdeen Proving Grourd

® Leaf condition: green leaves picked in September, and red/
yeliow/orange leaves gathered in October.

Two bi-level factorial screening experiments were conducted. In
all experiments, the leaves were contaminated with 2 mm diameter droplets of
thigkened diethyl malonate (DEM) and the air temperature was controiled at
60 F. The relative humidity (RH) in the experiments was not controlled.
The average RH was 42% +/-8% standard deviation (SD). An area of approximately
4 ft2 (4 ft by ] ft) was cortaminated in each test. The contamination den-
sity was 30 g/mc. A previous study showed that there was no significant
difference in droplet evagorative behavior at a contamination density of
either 30 g/mz, or 10 g/mc (NATO Standard}; therefore, the former was chosen
for experimental reasons.




Factorial analysis, as well as aralysis of variance (ANOVA), was
employed to obtain a clearer understanding of the effects the variables on
the evaporation and spreading characteristics of the droplets of thickened
DEM deposited on the leaf surface. The following seven droplet evaporation
characteristics were studied:

e The percentage of contamination recovered after the 1lst, 2d, 3d,
and 6th hr from droplets deposited on the ieaf surface

¢ The averisge droplet cvaporation rates (micrograms per minute)
based cn a 1lst, 2d, 3d, and 6th hr after deposition

o The half-life (minutes) of a droplet in the array of droplets
deposited on the leaf surfaca2 or the time required to recover 50% of the
initial {volatile) contaminant

o The average evaporation and recovery rates (micrograms per
minute) associated with the half-life of the contaminant

e The total percentage of the contamination recovered as vapor
from the droplets deposited on the leaf surface

9 The lifetime of the droplet co 'tamination deposited on the leaf
surface

o The average evaporation rate (nicrograms per minute) over the
lifetime of the droplet contamination

In general, the factorial analysis and the ANOVA results are in
good agreement. Wind speed is the most dominant factor affecting the amount,
the rate of return, and the duration of the 2 mm diamet :r droplets of
thickened DEM deposited on a leaf surface at 60 OF ambient temperature. The
effect produced by wind speed is predominantly a direct effect. The wind
speed factor alone can explain most of the total variation (80/88%) in the
droplet evaporation characteristics that were studied in the two factorial
experiments, Only one exception was found. In Experiment 2, the total
percentage of contamination recovered was strongly dependent on the viscosity
of the deposited liquid dropliet and either the condition or age of the onak

leaf.,

Differences in droplet weathering on contamirated leafy surfaces at
3 and 11 mph are significant. Initially (0-3 hr), the average droplet evapor-
ation rate of the deposited 2 mm diameter droplets at 3 »h is one-half the
evaporation rate of the deposited droplets exposed to 11 uph wind speed.
However, after 6 hr, the average droplet evaporation rate at 3 mph is nearly
two~-thirds the droplet evaporation rate at 11 mph., The difference in life-
time of the deposited droplets at 3 and 11 mph is approximately 10 hr, and
there is a 3-hr difference in the half-life of the 2 mm diameter drcoplets.

The leaf surface (top versus bottom) is the second most dominant
factor affecting the evaporation behavior of the deposited DEM droplets.
The DEM droplets spread substantially more on the top surfaces of the oak and
hickory Teaves than on the bottom surfaces, Tnis, in turn, affects the
initial droplet evaporation characteristics for times, up tc 6 hr (the last
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time increment in the analysis), after contamination. However, the tong-term
ylelds associated with the droplet contamination, such as the total amount of
contamination that evolves and surprisingly the lifetime of the deposited
droplets, are not dependent on the leaf surface.

The leaf type (Nerthern Red 0Oak versus Shagbark Hickory) has only a
minor effect on the evaporation of depusited DEM droplets. The measured
differences in evaporation behavior for droplets deposited on the oak and
nickory teaves are not considered to be operationally significant.

The conditinn or age of the oak leaf primarily affects the percent-
age of the liquid drovlet contamination that eventually evolves., However,
the final amount of liquid agent that is recovered as vapor from the oak leaf
is strongly dependent not only cn the condition or age of the leaf, but also
on the initial viscosity of the ligquid droplet.

The spread factor of a thickened DEM droplet deposited on a leaf
surface is affected mainly by the leaf surface and the condition or age of
the Teaf. The leaf surface (top versus bottom) is the most dominant factor,
and surprisingly the difference in spreading of a deposited droplet is
greater hetween the top and bottom surfaces of the leaves investigated than
vetweer the leaf types. Liquid droplets spread on the top surface to a
greater extent than on the bottom surface of both leaf species tested. The
average spread factor for a deposited dropliet is estimated to he 2,56
(+/-0.236 SD) on the top surface and 1.88 (+/-0.052 SB) on the bottom surface,
for both the oak and hickory leaves,

However, there is also evidence that the condition or age of the
Teaf affects the spreading of the droplet on the leaf surface. A signif-
icant difference was detected in spreading of droplets deposited on the green
September oak leaf and the red Gctober oak leaf. This is manifested by the
interaction effect between the leaf surface and the leaf condition in
Experiment 2. The average spread factor for a droplet deposited on the top
surface of a green oak leaf is 2.47 (+/-0.292 SD), whereas the average spread
vactor on the top surface of a red oak leaf is 1.%5 (+/-0.062 SD)., However,
the average spread factors for the bottom surface of the green and red oak
leaves are similar; 1.88 (+/-0.004 SD) and 1.79 (+/-0.052 SD), respectively,

The viscosity of thickened DEM (100/1,000 cP) and the w'nd speed
{3/11 mph) over the ranges tested had no detectable effect on the extent of
spreading of a droplet deposited on the oak and hickory leaves.

Perhaps one of the most significant results is that a simple first
order mathamatical expression is shown to be adequate fnr representing the
disappearance of a thickened liquid agent simulant drepie! from contaminated
leaf foliage surfaces during the evaporation of the th n i:quid film that is
formed on the leaf surfaces, Droplet half-life is the key and critical param-
eter for predicting the evaporation of the candidate simulant agent from leaf

foliage.

In summary, a clearer understanding has been obtained of the effects
of liquid viscosity of deposited droplets, wind speed, and particularly the
properties of cortaminated foliag: leaf, namely leaf surface, leaf type, and
condition or age cf the leaf on the evaporation and the spreading charac-
teristics of depesited DEM droplets,
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PREFACE

The work described in this report was autherized under Projec”
No. 1L162706A553, CB Defense and General Investigations, Task 3-1, Chemical
Threat Assessment Technology, and Project Ne. :C464803DF95, XM135 MLRS Binary
Chemical. This work was started in October 1981 and completed in June 1989.
The experimental data are stcred on an IBM PC/AT computer.

The use of trade names or manufacturers' names in this report does
not constitute an official endorsement of any commercial products. This
report may not be cited for purposes of advertisement.

Reproduction of this document in whole or in part is prohibited
except with permission of the Commander, U.S. Army Chemical Research,
Development and Engineering Center, ATTN: SMCCR-SPS-T, Aberdeen Proving
Ground, MD 21010-5423. However, the Defense Technical Information Center
and the National Technical Information Service are authorized to reproduce
the document for U.S. Government purposes.

This report has been approved for release to the public.
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EVAPORATION CF A THICKENED AGENT SIMULANT
FROM OAK AND HICKORY LEAVES

1. OBJECTIVE

This report documents the findings of the fourth in a series of
experiments on the liguid droplet cvaporation and persistency. This labora-
tory study was conducted to determine how much vapor contamination occurs,
and at wnat rate the vapor contamination becomes airborne when the thickened
agent simulant diethyl malonate (DEM) is dispersed in a uniform array of
droplets on foliage, oak and hickory l2aves. O0Once the source of vapors is
better defined, the prediction of downwind concentrations can be accomplished
with an appropriate model of surface evaporation to ascertain tha vapor threat
over the given period of evaparation for the threat agent.

2. INTRODUCTION

The need and requirements for experimental data to quantify the
evaporation and the persistency of thickened liquid agents and simulants dis-
persed as droplets on various ftypes of natural and structural materials have
b2en outlined in severai repor.s. -4 The need includes rnot only basic evap-
oration data (i.e., evaporation rates, percent recoveries, etc.) of droplet
behavior on the various surfaces, but there is also a requirement to identify
the parameters that control the evaporation and persistency of the deposited
droplets and determine the extent of their influence over ranges of the
parameters that are operationally significant.

An experimental program has been devised to collect the fundamental
data needed to more clearly characterize and quantify the evaporation and
sorption losses of chemical agents. This program has three related tasks:
(1) to quantify the persistency and Tiquid availability of contamination from
nonporous surfaces and determine the principal factors governing liquid
persistency, (2) to quantify the evaporation and sorption losses for droplets
deposited on porous surfaces of concrete and sand, and (3) to determine the
vapor hazards from thickened persistent agents/simulants dispersed on vegeta-
tion, turf, and foliage.

In Phase I of this research study, various physical parameters and
the extent of their influence on the persistency and liquid availability of
deposited droplets on nonporous surfaces of unpainted aluminum and chemically
inert Teflon substrates were identified by using two candidate thickened
liquid agent simulants, GEM and methyl salicylate (MeS).Z These two liquid
agent simulants have been used extensively in the past as simulants for CW
agents TGD and THD, respectively.

In Phase 11, basic experimental information was obtained that
hiaracterized the evaporation and sorption losses of the candidate thickengd
MeS and GEM agenu simulants deposited as droplets on wet and dry concrete,
and of DEM droplets deposited on several compositions of wet and dry sand.

During previous studies, the feollowing five droplet characteristics
were quantified for test periods that ranged from 1 to 2 days: (1) the

15




half-life of the depcsited droplet contamination, (2) the average evaporation
and recovery rates associated with the half-life, (3) the percent of centami-
nation that is vaporized and rec vered from the concrete after 1, 2, and 3

hr, (4) the total percent of conitamination from the deposited droplet that is
vaporized and recovered from the concrete surface, and (5) the average droplet
evaporation rates for 1, 2, and 2 hr after deposition.

In the experiments with concrete surfaces, the primary factors
affecting the evaporation characteristics of MeS and DEM were the size of the
depnsited droplet and the prevailing temperature. Other controlled factors
[i.e., viscosity of the thickened agent simulant, moisture content of the
concrete, and the relative humidity (RH) of the incident airstream] had little
effect on the evaporation characteristics of the deposited droplets for the
conditions studied.

The best estimate for Lhe total percent of reccverable contamination
from concrete within 1 to 2 days was 75%, which was the extent of the measure-
ment in this study. However, approximately two-thirds of the contamination
that eventually evelved from the concrete w.s recovered within 2 to 3 hr after
deposition at temperatures from 60 to 100 °F. Therefore, 3 hr were judged to
be the critical period for secondary vapor hazard, following contamination of
concrete with thickened agents having intermediate volatility.

The half-iife of droplet contamination on concrete, or the time to
recover 50% of the mass deposited, was principally affected by the prevailing
temperature, the agent simulant characteristics (i.e., vapor pressure, spread
factor, etc.), and the incident wind speed for the ranges of the variables
tested.

The spread factor of a droplet deposited on concrete was found to
be a function of the time after deposition. A maximum spread factor value of
6 [standard deviation (SD) = 1.2] was achieved after approximately 1 hr from
an initial spread factor of 5 (SD = 1.27). However, except for the viscosity
of the agent simulant, the other factors investigated, most notably the mois-
ture content of the concrete, droplet size, and the liquid agent simulant,
did not significantly influence the droplet spread factor in these experiments.

In the experiments with various compositions of wet and dry sand,
the primary factors affecting the evaporation characteristics of DEM were the
size of the deposited droplet, the ambient temperature, and the incident wind
speed. Other controlied factors [i.e., viscosity of the thickened agent simu-
lant, moisture content of the sand, composition of the sand (particle size),
and the RH of the incident airstream] had little effect on the evaporation
characteristics of the deposited droplet for the conditions studied.

Among the three dominant factors, the ambient temperature is the
primary factor controlling the peircent of contamination recovered as vapor
from the droplets deposited on sand. For the first hour after contamination,
wind speed 1s the second most important factor. However, after the first
hour, the size of the droplet deposited on the sand had a slightly greater
effect on the percent of contamination recovered than the wind speed. The
size of the droplet is the primary factor controlling the evaporation rate of
the Tiquid droplet deposited on sand. The temperature is the second most
important factor, and the wind speed is the third most important factor
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(parameter) affecting the average evaporation rates of the droplets during
the i-, 2-, 3-, and 6-hr sampling periods. In these experiments, there were
interaction effects between the droplet size and the wind speed with the
ambient temperature that also affected the evaporation rate of the droplets
deposited on sand. Changes in both the ambient temperature and the wind
speed had a greater effect on the larger (5 mm diameter) droplets than on the
smaller (2 mm diameter) droplets.

The composition of the sand (particle size) had no detectablie effect
on either the percent of contamination recovered as vapor from the sand or on
the average evaporation rate of the droplets deposited on sand during the 1-,
2-, 3-, and 6-hr sampling periods. A slightly greater percent of contamina-
tion of DEM droplets deposited on sand was recovered from wet sand than from
dry sand for each of the sampling times; however, the differences in recovery
were not statistically significant. Evaporation rates from wet sand were
consistently greater than the rates for dry sand; however, the differences
were within experimental error. Therefore, for all practical purposes, DEM
droplets evaporate at the same rate during the first 6 hr whether they are
deposited on dry or wet sand. Liquid viscosity [100 per 1,000 centipoise
(cP)] of DEM had no detectable effect on either the percent of cortamination
recovered as vapor or on the average evaporation rates of the droplets depos-
ited on sand during the first 6 hr.

The extent of spreading of a droplet deposited on sand, as measured
by the spread factor, varied 1ittle for the conditions studied, and none of
the six variables investigated in the experiment had a significant effect on
the spreading of the droplet. The average spread factor for thickened DEM
droplets, 2 and 5 mm diameter, on wet and dry sand was 2.7.

The available half-life data indicated that droplets of thickened
DEM deposited on sand at 60 °F have a half-life of 2 to possibly 10 times
greater than the half-life of the same droplets deposited on sand at 100 °F.

In this study and during Phase III of the research program, experi-
ments were conducted of the evaporation of thickened DEM deposited as drop-
lets on two species of leaves from oak and hickory trees at the Edgewocd Area
of Aberdeen Proving Ground. These experiments followed a 24 bi-level facto-
rial design. The specific parameters of the experiments investigated included
the following:

@ Liquid viscosity: 100 and 1,000 cP--the liquid simulant was
thickened with EA K125 copolymer to achieve the specified zero shear
viscosities

® Average wind speed over the droplets: 3 and 11 mph

e Leaf surface: either the bottom or top surface of the leaf was
contami:ated

o Leaf type: oak and hickory leaves collected from trees in t