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FOREWORD

The experimental test reported was requested by the Office of the
Army Material Command Program Manager for the Demilitarization of Chemical
Material. The work was performed from December 1974 through March 1975 by
the Electro-Optics Branch, Guidance and Control Division, Advanced Systems
Department.

This report was reviewed for technical content and approved by:
L. J. Fontenot, Head, Electro-Optics Branch, Guidance and Control Division
and R. L. Schmidt, Head, Guidance and Control Division.

MILLS, JR., Head

Advanced Systems Department

siiia el i




ABSTRACT

Experimental results of using a forward looking infrared (FLIR)
thermal imaging system to monitor the spray dryer stack effluent at
Rocky Mountain Arsenal, Colorado, are presented. The effluent was
emitted in the demilitarization process of GB nerve gas.

Since the effluent was mostly water vapor with very small quantities
of residue GB, a strong infrared absorber that approximated the molecular
weight of GB, sulfur hexafluoride (SFg), was added to the stack to aid
tracking. Without the SFg, the plume extent was seen as readily by visual
means as with a FLIR. With SFg added to the stack, the plume was tracked
from ranges of hundreds of yards to several miles, depending upon the
meteorological and background conditions. Finally, two FLIR units, in
conjunction with a mobile air sampler unit of the Army Environmental
Hygiene Agency, used triangulation to successfully locate the area where

the spray dryer plume reached ground level under several meteorological
conditions.

Furthermore, it was concluded that a thermal imaging device, coupled
with a high spectral resolution spectrometer, would be useful in detecting
air pollution during day or night operations.
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INTRODUCTION

BACKGROUND

One major task of the Office of the Army Material Command Program
Manager for Demilitarization of Chemical Materials is to neutralize the
lethal nerve gas GB presently contained in M34 bombs and ton containers
at Rocky Mountain Arsenal (RMA), Colorado. The technique used is to
mix the GB liquid with a caustic material, then dry the brine solution
for easy storage. Unfortunately, all the GB is not neutralized in the
process and a residue amount is released as part of the spray dryer
effluent. The maximum ground level exposure dosage of GB allowed by
the Department of Health, Education, and Welfare for any 24-hr period is
5 x 1073 mg-min/m3 (2 x 104 mg/m3 averaged over a l-hr period, 3 x
10-6 mg/m3 averaged over a 24-hr period, or any product of time and agent
concentration which is equal to 5 x 107 mg-min/m3). To determine those
conditions under which the spray dryer could be operated in conjuncticn
with other GB emission sources within the maximum ground level exposure
dosage, the Army Environmental Hygiene Agency (USAEHA) was tasked to
directly measure by air sampling techniques the plume effluent at the
spray dryer stack and at the ground position of maximum concentration.
This ground position was determined as follows:

1. The approximate position wac calculated using a dispersion model
with the current meteorological conditionms.

2. The correct position was confirmed by the detection of sulfur
which was added to the spray dryer stack to aid tracking. Sulfur hexa-
fluoride (SFg) was used as the stack additive because it approximates
the molecular weight of GB.

The results of USAEHA testing at RMA in October and November 1974,
indicated that with brine resulting from the neutralization of GB with
tributylamine (TBA), a 6-gpm brine input rate to the spray dryer, and
gas or fuel oil firing of the spray dryer:

1. The spray dryer, because of its shorter stack and greater agent
emission rate, is the predominant source for measurable ground level agent
concentrations.

2. The average agent emission concentration with brine resulting
from the neutralization of TBA stabilized agent and a 6-gpm brine input
rate was 8.4 x 1074 mg/m3 with natural gas firing and 61.0 x 104 mg/m3
with fuel oil firing.

3. Ground level agent concentration exceeding 3 x 10"6 mg/m3 can
be expected when the agent emission concentration from the spray dryer
surpasses 3 X 10~% mg/m3 during A, B, or C stability (Table 1).
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4. Ground level agent concentrations exceeding 3 x l()‘_6 mg/m3 can
be expected when the agent emission concentration from the spray dryer

surpasses 3 x 10~4 mg/m3 during D stability and surface wind speeds
greater than 10 mph.

S

Table 1. Meteorological Stability Categories

Average
Surface Day . Night
Wind Speed Solar Radiation Thin Overcast or Thin Overcast or
(mph) Strong Moderate Slight >4/8 Low Cloud Cover >3/8 Cloud Cover

<4 A
4-7 A-B
7-11
11-13
>13

SCOPE AND OBJECTIVES

The Naval Surface Weapons Center/Dahlgren Laboratory (NSWC/DL) was
requested by the Demilitarization of Chemical Materials Office to monitor
the spray dryer stack effluent with a high rezolution thermal imaging
sensor-—-forward looking infrared (FLIR). The objectives were to:

1. Determine the spray dryer plume dispersion configuration
during low wind speed, stable meteorological conditions.

2. Determine the spray dryer plume dispersion configuration when
subjected to aerodynamic downwash.

3. Determine if two FLIR units, with and without the use of an

SFg tracer, can be used to locate the area where the spray dryer plume
reaches ground level.

4. Continued the evaluation of ground level agent concentration
during E and ¥ stability and low wind speed D stability.

5. Evaluate the effect of removing the "diffuser cap" from the
spray dryer stack on ground level agent concentration.
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TEST EQUIPMENT

The FLIR set is a system which provides a visual presentation of
target objects within its field of view (FOV) and is passive in that it
senses an object by detecting the infrarad energy radiated by the object.
Since the FLIR responds to the self-emitted radiation cf an object, it is
effective in both day and night operations. Infrared reception is
affected by the amount of energy lost due to atmospheric absorption,
scattering, and particles in the atmosphere. FLIR utilizes optical
means to focus the infrared energy onto detectors which convert the
infrared energy into electrical energy. The electrical signals are
amplified and processed by electronic circuitry within the infrared
receiver for viewing on a cathode ray tube (CRT).

The FLIR used in the test was a Texas Instruments Model AN/AAS-28A
(Figure 1). 1In operation, infrared radiation from a target is collected
by the front lens and is focused onto infrared detectors by either of
two optical systems (search or track). The search optics provide a
wide FOV, while the track optics provide a narrow FOV. Incoming
radiation is scanned by a set of six rotating scan mirrors. The optics
and scanning mechanism focus the incoming infrared radiation onto the
detector linear array. The mercury cadmium telluride detectors use
the incoming infrared radiation to modulate an electrical current
proportional to the incident radiation. The electrical signal produced
by the detectors is amplified by video amplifiers which provide a
signal large enough to mcdulate the light-emitting diodes. The
radiation from the gallium-arsenide emitters is reflected through a
set of four rotating scan mirrors onto a folding mirror which directs
the radiation onto a vidicon target. The vidicon target is then
scanned at interlaced 30-frame-per-second television scan rates by a
camera gun assembly. The output of the gun assembly is single channel
composite video, which is processed and used to modulate a CRT for
display.

Two AN/AAS-28A units were used for the testing at RMA. Both units
were tripod-mounted (Figure 2) for ease of movement between tests.

2 s oot e i el




EPEREREE

-

LR

UV

BIRECTIONAL
PRISM

HEPLAY

B AP e,

e

ENEE

COMBINAT KGN
WRDOW B
FRONT LENS
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Figure 1.

Schematic and Features of AN/AAS-28A FLIR
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Figure 2. Tripod-Mounted AN/AAS-28A FLIR at RMA

TEST PROCEDURES AND RESULTS

PRELIMINARY TESTS AT NSWC/DL

To determine if the concept of tracking the spray dryer exhaust
effluent with FLIR were feasible, a series of quick tests were conducted
at NSWC/DL in December 1974. First, a steam generator was placed 100 ft
from the FLIR to track the plume. It was found, as expected, that the
water vapor plume was tracked with FLIR about as far as the plume was
visible to the eye. Second, various quantities of SFg were released
from a pressurized container and tracked with FLIR. Against a low-angle
sky background (the conditions anticipated at RMA), the vaporous SFg was
detected and tracked with FLIR. The estimated "CL" value detected
by FLIR in this exercise was about 80 mg/mZ? [Cl (mg/m2) = concentration




x depth]. Figure 3* shows FLIR imagery of an ST vapor cloud observed
during the tests at NSWC/DL. Table 2 shows the physical parameters

of SFg. The spectral absorption curve of SFg in Figure 4 shows that
SFg is a very strong absorber near 10.6 micrometers.

Figure 3. FLIR Imagery of SF¢ Vapor Cloud (Black = Hot)

* Since a plume dispersion is a dynamic event, the still photographs of
the FLIR imagery presented herein do not adequately illustrate the ease
of detection and tracking to the observer of the FLIR display. FLIR
was always set on black = hot for thie program.
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Table 2. SF6 Physical Parameters

Molecular weight 146.054

Density, gas @ 0°C, 1 atm 6.52 g/1

Specific volume @ 70°F, 1 atm 2.5 ft3/lb
(156.1 ml/g)

Vapor pressure @ 70°F, 1 atm 320 psig
(22.5 kg/cm” gauge)

NOTE: SFg has a low order of toxicity. The 1968
American Conference of Govermmental Industrial
Hygienists recommended a threshold limit value of
1000 ppm for SFy (the concentration in air to
which nearly all workers may be exposed day after
day without adverse effects). SFg can, however,
act as a simple asphyxiant by displacing the
necessary amcunt of oxygen to support life.
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Figure 4. Spectral Absorption Curve of SF
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Liquid Freon 12 (ClZCFz) which is also a strong absorber in the
spectral passband of FLIR was released from micropipettes onto a hot
plate. The vaporized CLoCF, was detected by FLIR. The minimum quantity
of vaporous CL,CF, that was observed on the FLIR display was about
5 microliters at a range of 100 ft. Figure 5 shows FLIR imagery of
this event. The small arrow shows the vaporization of one drop of
Freon 12. The dark area designated by the larger arrow is the envelope
of the dispersing vapor cloud. :

Figure 5. FLIR TImagery of Freon 12 Release

TESTS AT ROCKY MOUNTAIN ARSENAL

TBA-stabilized GB was processed through the existing neutralization
facility utilizing sufficient caustic to produce brine with an excess
caustic content of 8 percent. The neutralized brine was then transferred
to holding tanks. A liquid flow rate of 25 gpm to the sprayer dryer was
maintained by supplementing the 6~-gpm brine flow with process water.
During the tests in January 1975, the spray dryer was fired with natural
gas. Figure 6 shows the RMA spray dryer with its exhaust plume that
was the object of our monitoring.

5
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Figure 6. RMA Spray Dryer

The use of FLIR in monitoring was divided into two phases. During
phase 1A, oiue FLIR uait was deployed to determine the plume rise and
dispersion configuration with normal plume components (1) alone,

(2) with SFg tracer added at a release rate of approximately 1.7 gm/sec,
S

and (3) wit Fg at release rates to permit FLIR tracking to the ground.
The 1.7-gm/sec flow rate was generated using the USAEHA setup injecting
vaporous SF, directly from its pressurized container into the spray
dryer stack. Figure 7 shows higher flow rate setup. A heater tape was
added to the pressurized SFg container to provide an ample supply of
vaporous SFg for a series of short bursts into the stack. The holding
tank was necessary to release a large quantity of SFg gas in a short
burst. The valve settings were calibrated to release SFg at rates

fron 5 bo greaver than 150 gmfsec. This Coiresponds to a concentration
in the stack from 46 to 1400 parts per million.

In phase IIA, two FLIR units were deployed.

BRI A
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Figure 7. High Flow Rate Set Up

Phase IA Tests

Table 3 presents the results of phase IA tests. The FLIR position
during each test was recorded using the grid coordinate system of the
M34 area as shown in Figure 8. Table 4 lists the meteorological con-
ditions during phase IA; only the extreme wind directions during the
tests are given.

Several observations were made from the phase IA tests:

1. The backgrounds from the FLIR positions during the phase IA
tests were not optimum for maximum target-to-background temperature
difference. The backgrounds were mostly low clouds (0 to 5 kft) whose
apparent temperature in the FLIR spectral band was near ambient. Thus
a low temperature difference between the plume and the cloud background
resulted in low contrast imagery and short tracking ranges.

2. Duriug the day, the plume with no SFg and with the 1.7-gm/sec
flow rate had the same extent both visually and as seen on the FLIR
display.

10
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3. An SFg flow rate of greater than 50 gm/sec was required to
track the plume during both day and night tests. The test on 14 Jan-
uary 1975 demonstrated that the FLIR could track the plume sufficiently
well to predict the ground area of greatest concentration.

4., The plume plus SFg additive could be tracked better during the
night than during the day. This is due to the greater apparent temper-
ature difference (AT”) between the plume and background. Also, a clear
sky background at night provided the greatest AT”. It is interesting to
note that what appeared to be a clear night sky to the human observer
in a few tests and recorded as such at the Denver Stapleton Airport
was observed by FLIR to contain high clouds (%20 kft) and a nonuniform
background (Figure 9).

Figure 9. FLIR Imagery of Nonuniform Cloud/Sky Background
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Phase IIA Tests

In phase IIA tests, two FLIR units were deployed.

the ground.

using the grid coordinate system in Figure 8.

Triangulation
was used to estimate the location of plume maximum concentration on

The location of the FLIR units for each test was recorded
The grid point of plume

touchdown depicted by FLIR was recorded and used to either direct to or
verify the mobile sampler positions.
the plume and initiated air sampling, the FLIR was used to verify whether
or not the plume shifted during the 30-min sampling period.
presents the results of phase ITA tests and Table 6 describes the plume

When the mobile sampler had located

Table 5

characteristics. Table 7 lists the meteorological conditioms.
Table 5. Results of Phase IIA Testing
Plume
Maximum Concentration Position
FLIR Dispersion Mobile
Date Test No. Locations FLIR Model Sampler
22 Jan 1975 4D-3-3 3.7/1.5 2.3/2.9 © 2.3/3.3 2.3/2.9
(2030-2230) 2.9/3.7
23 Jan 1975 4p-1-3 3.7/1.5 3.7/2.3" 3.1/2.8 3.9/2.8
(1330-2030) 2.9/3.7
24 Jan 1975 4D-4-3 3.7/1.5 3. 7/2530, 2357/ 156 3.7/1.4
(1630-1330) 2.9/3.7 3.7/2.1
28 Jan 1975 3.7/1.4 2.8/159 " 2.8/1.9 2.8/1.9
(1830-2030) 2:9/3.7
29 Jan 1975 4D--5-3A 3.7/1.4 3.7/0.5 2.7/1.0 3.3/1.0
(1830-2030) 2.9/3.7
30 Jan 1975 4E-2-3 2.6/7th Ave 2.0/1.9 1.9/2.0 2.0/1.9
(1630-1830) 3.7/1.4
31 Jan 1975 4E-3-3 3..7/1.4 2.0/2.2 1.5/2.2 2.0/2.1
(1830-2030) 2.9/3.7
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The following observations were derived from the phase IIA tests:

1. The wind shifted significantly during air sampling by the
mobile van so that it was nearly impossible to keep the van in the
center of the highest effluent concentration area on the ground for its
entire sampling period. In some cases, the mobile van would set up
in the correct position with the aid of its sulfur detector and/or the
FLIR units; however, by the time the van was ready for sampling, the
winds shifted the plume direction and/or its characteristics.

2. The FLIR units, by means of triangulation, successfully pre-
dicted the ground plume position while the sampler position was either
confirmed or successfully redirected to a more correct ground position.

3. The test on 28 January 1975 was conducted during a period
when the spray dryer plume was subjected to aerodynamic downwash
(D stability and surface winds greater than 10 mph). ' Figures 10 through
12 show typical FLIR imagery from this condition. The plume was non-
uniformly dispersed by the high gusty winds and slammed toward the ground.
The FLIR and mobile sampler recorded the same grid position for this
test. Figure 10 shows FLIR imagery from grid site 2.9/3.7 of the plume
being bent over. (Note the high apparent temperature of the low clouds
above the plume--black = hot on the photographs.) Figure 11 is a FLIR
image from grid point 3.7/1.4 with the FLIR in its narrow FOV. The
figure clearly shows the plume being torn apart by the gusty wind, which
is blowing directly toward the FLIR unit. Figure 12 shows the image from
site 3.7/1.4 in wide FOV. The plume is bent over, with a small tuft just
below the main body of the plume. The arrow is pointed at the mobile
sampler.

4. The test on 29 January 1975 was conducted during F stability
(winds less than 3 mph). The spray dryer plume slowly climbed and
bent in the wind direction. The FLIR unit located at grid position 2.9/3.7
observed an SFg burst for several minutes. It appeared to remain
compact and airborne for the duration of the FLIR tracking (Figure 13)
sequence. The FLIR units were used on several occasions during this
test to estimate the ground plume location and provided the same approxi-
mate independent results each time. The mobile sampler, because of
hazardous terrain, was unable to arrive at the FLIR predicted location.
However, even when it was within a few hundred ft of the location it
detected no sulfur, indicating that little or no plume was dispersed to
the ground. This agreed with the FLIR imagery. Tigure 14 shows the SF
leaving the stack from the FLIR at 3.7/1.4. Figures 15 through 18 show
unique plume formations as seen from 3.7/1.4 during F stability when
the wind speed was nearly zero.

5. Figure 19 shows imagery from 23 January 1975. This was typical

of the tests during D and E stability. With the SF, bursts, the predicted
position of FLIR was along the ridge line at position 3.7/2.3.
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Figure 10. FLIR Imagery from 2.9/3.7 of Plume
in Aerodynamic Downwash




Figure 11.

Figure 12.

FLIR Imagery from 3.7/1.4 of Plume in Aerodynamic Down-
wash (Narrow FOV)

W e

FLIR Imagery from 3.7/1.4 of Plume in Aerodynamic Down-
wash (Wide FOV)
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Figure 13. FLIR Imagery from 2.9/3.7 of Plume in F
Stability Conditions
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Figure 13. FLIR Imagery from 2.9/3.7 of Plume in F
Stability Conditions (Continued)
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Figure 13.

FLIR Imagery from 2.9/3.7 of Plume in F
Stability Conditions (Continued)
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Figure 14.

FLIR Imagery from 3.7/1.4 of Plume in F
Stability Conditions
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Figure 15. FLIR Imagery from 3.7/1.4 of the Plume Without SF
Added During Evening of F Stability Conditions

Figure 16. FLIR Imagery from 3.7/1.4 of the Plume Without SF¢

Added During Evening of F Stability Conditions
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Figure 17.

FLIR Imagery from 3.7/1.4 of the Plume Without SF
Added During Evening of F Stability Conditions

Figure 18.

FLIR Imagery from 3.7/1.4 of the Plume Without SF
Added During Evening of F Stability Conditions
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Figure 19. FLIR Imagery from 2.9/3.7 of Plume on 23 January 1975
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Figure 19.

FLIR Imagery from 2.9/3.7 of Plume on 23 January 1975
(Continued)




The test cn 23 January 1975 demonstrated the effect of the shitting
wind. The mobile sampler detected the plume at position 3.9/2,8 which
was confirmed by FLIR. Howew T, when the sampling Conwenced, the wiud
shifted so that the ground plume was several hundred yards from the
sampling positioen.

6. Near the end of the test on 23 January 1975, resulted in a
tnique plume cowposed of sawtooth-shaped puffs due to the atmos;heric
iustaebllity. TFigures 1Y and 20 show imagery from 23 January 1975. This
was typical of the tests during D and E stability. Figure 19 shows the
beginning of the SFg burst from grid point 2.9/3.7. The leading edge of
the plume reached a mean altitude of about 100 ft with the main body
remaining at a 50-75 ft height above ground, Figure 20 is FLIR imagery
from 3.7/1.4 of the same event. Figure 20 shows the SFg shortly after
release, and the dispersal of th. ﬁ?b buret ae fudtested by the fuserted
arrows.

7. One interesting sidelight of the main testing was the night
monitoring of wildlife at RMA. Figure 21 shows a creature howling
into the darkness and tending to its young.

Figure 20. FLIR Imagery from 3.7/1.4 of Plume on 23 January 1975
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Figure 20. FLIR Imagery from 3.7/1.4 of Plume on 23 January
1975 (Continued)

e . psren

e e
ke G




Figure 21. FLIR Imagery of Wildlife at RMA
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CONCLUSIONS

1. FLIR was a valuable tool in assisting the mobile sampler to
find the ground position of the plume.

2. The terrain at RMA was conducive to FLIR assistance, as a fast-
rising plume usually had its maximum ground concentration at a ridge
line when the winds were from the east or west.

3. For flat terrain, FLIR can determine the plume direction and
provide a rough estimate of the maximum ground concentration for high
plumes. When the maximum ground concentration is expected within
~1000 yd of the stack, FLIR triangulation is accurate to within ~100 ft.

4., FLIR detected SF, at a CL value of 2 against a low angle sky
background. This is the most sensitive value of an imaging sensor yet
reported.

5. The utility of a high spatial resolution thermal imaging
device in tracking stack effluent plumes. This method cannot, however,
identify particular constituents of the plume at present. A thermal
imaging device, coupled with a high spectral resolution spectrometer
(such as an interferometer), would give conclusive proof of air
pollution offenders in day or night operations, with the video output
from the imagery device recorded on tape.
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