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PREFACE

This study was conducted by the U.S. Army Cold Regions Research and Engineering
Laboratory (USA CRREL), in cooperation vith Cdgswood Arsenal, and the U.S. Army
Tank-Automotive Command, for the Project Manager, Remotely Monitored Battlefield
Sensor System (REMBASS), Fort Monmouth, N.J., under Task No. SMO 72-0570-06-02,
Trace Gas Detector Study. The general objective of t} ¢ work was to provide a
technical assessment of the possibilities for vehicle detection/classificatior. using
various types of chemical sensors.

Overall coordination of the study was provided by Dr. R.P. Murrmann, Research
Chemist, USA CRREL. Other USA CRREL participants included Mr. T.F. Jenkins, Chemist,
assisted by Mr. B. Brockett, Physical Science Technician, and 1LT. W. O'Reilly, Chemist.
The work at Edgewood Arsenal was coordinated by Mr. L.G. Appel, Electromics Engineer,
with input from Dr. C.S. Harden, Research Chemist, and Mr. J.C. Chalcraft, Electronics
Engineer, who were assisted by Mr. R.A. Miller, Electronics Technician, and Mr. M.A.
Smith, Jr., Engineering Technician. Personnel at USATACOM included Mr. O. Renius,
Research Physicist, who was assisted by Mr. W, Bremerkamp, Engineering Technician,
and Mr, D, Abbas, Physical Sciences Assistant.,

This report was reviewed by Mt. H. Stevens, Research Civil Ergineer, USA CRREL,
and Mr, E. Engquist, Chief, Detection and Alarm Branch, DED, Edgewood Arsenal.

The cuntents of this report are not to be used for advertising, publication, or promo-
tional purposes. Citation of trade names does rot constitute an official endorsement or
approval of the use of such commercial products.
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VEHRICLE DETECTION/CLASSIFICATION USING CHEHMICAL SENSORS
by
R.P. Murrmann, T.F. Jenkins, L.G. Appel, C.S. Harden, J.C. Chalcraft and O. Renius

INTRODUCTIOMN

Objects or activities of military significance can be detected by sensing associated chemicals
in the atmosphere. Perhaps the oldest and best recognized use of this concept 1s the development
of alarm systems for various types of toxic chemical ageats. Another well publicized example 15
the development of the personnel detector that is sensitive to combustion product par.culates
generated 1n conjunction with personnel activities. Very recently, a trace gas sensor that detects
a volatile impurity in dynamite has been marketed for civilian use in locating explosives.

Other applications of the chemical sensor concept under investigation by Army laboratories
inciude trace gas Getection of tunnels, personnel, military explosives, mines, and narcotics during
search-type operations. Research in progress ranges from studies on the nature of specific trace
gas signatures to development of new detector concepts which will meet requirements of ultramgh
sensitivity and selectivity. In these cases the concentration of signati-e chemical emitted at the
source approaches the limit of sensitivity of modern analytic.l instrumentation. Dilution of the
chemicals 1n air reduces even further the concentration to lovels guite low with respect to back-
ground atmospheric trace contaminan:s that can act as interferences. Aithough results of research
and development 1n this area are quite encouraging, considerable effort may be required before rele-
vant technology can be advanced to the point where practical trace gas detection systems can be
demonstrated in the above applications.

Experience in these areas indicates that the deveiopment of chemical sensurs remotely placed
for vehicle surveillance appears more immediately promising. In this case sensors would be em-
ployed in a fixed positicn to monitor anticipated routes of vehicle travel, this is an advantage over
search-type operations. Tae exhaust of any vehicle contains various coustituents present at much
higher levels :* .n normally encountered in the ambient atmosphere. The seusing of any individual
component could provide a basis for vehicle detection, while variation 1n the exhaust composition
of different vehicles 1s potentially useful for classification purpeses. Because of the low concen-
tration of exhaust chemicals in the ambient atmosphere, there should be . low false-alarm rate.

Possibly the past presence of vehicles could be evaluated by determining residual exhaust
chemicals. Recent mnterest in development of arr quality instruments for monitoring exhaust pol-
lutants should have significant impact on technology applicable to sensor development for vehicle
surveillance. In comparison with certain other sensor concepts, chemical sensors would not have
disadvantages associated with requirements for maintaining an interface with the jround. Possibly
the combination of chemical sensors with other types of detector, could enhance detection reliability
or target classification capabilities.

The purpose of this study was to evaluate the potential for using chemical sensors for remote
survetllance of vehicles for Remotely Monit..ed Battleficld Sensor System (REMBASS). Specific
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objectives included. 1) determine the feasibility cf vehicle detection/classification; &) evaluate
concepts suitable for use in develepment of chemical sensors; and 8) recornimend perfymance
characteristics and physical properiies, and develop criteria for selected chemical »ensor concepts.

To accomplish these objectives within the time frame available, the program was conducied
jomntly by tne U.S. army Cold Regions Research and Engineering Laboratory, Edgewosd Arsena’
and the U,S. Acmy Tank Automotive Command. Participation of each laboratory in the various
aspects of the program was defined as foliows.

USA CR... L: ') Coordinate vue overall program, 2) determine the feasibility of military
vehicle detection, 3, Jetermine the feasibility of military vehicle classification, %) publish a jointly
prepared final report.

EDGEY0OO0D ARSENAL: 1) Evaluate .xisting chemical sensor concepts for application to
REMBASS, 2) evaluate performance of existing sensors such as the copdensation nuclsi Jdetector
and the Honeywell ionization detector (Air Force Multiagent Datector).

USATACOM: 1) Arrange for field test sites and a cross section of military vehicles; 2) pro-
vide necessary support ik conducting field tests, 3) determine characteristics of military vehicles
and other sensor concepts.

This report contains the collective input of the participating laboratories.

SUMMARY AND RECOMMENDATIONS

A study was conducted to evaluate the concept of using remotely placed chemical sensors for
vehicle surveillance, The validity of this approach for vehicle detection was demonstrated during
field trials. Results of field and laboratory studies indicate that classification of gasoline and
d:esel vehicles based on differences in exhaust composition should be feasible., A number of
chemical sensor conzepts were found to have potential for development as vehicle dctectors or
classifiers.

Field tests were held at Yuma, Arizona and at Warren and Grayling, Michigan, to provide a
range 1n envirenmental conditions fur evaluating the concept of using chemical sensors for vehicle
surveillance. Detectability of a vaniety of gasoline and diesel powered military vehicles was
determined at each site by continuyusly monitoring several major exhaust components including
combustion particulates, nitrogen oxides, hydrocarbons, sulfu compounds, and carbon monoxide.
Detection of particulate matter and nitrogen oxides from all types of vehicles was highly success-
ful at downwind ranges up to 390 m and 150 m respectively. Longer downwind ranges could be
cbtained with lower detection probability. Detection of sulfur primarily from diesel vehicles, and
hydrocarbons from gasoline vehicles was obtained at downwind ranges up to 35 m, although longer
raunges should be possible., Based on these results, it is felt that the feasikility of detecting
vel weles by sensing exhaust chemicals should be accepted as proven. Limited data were obtained
1 woodad ¢ .0 on the use of detectors placed on both sides of the vehicle path of travel to avoid
dependence ... vnd direction, Although the range of detector placement was limited to 18 m be-
cause of the test situation, detection relability was fonnd to be 100% after a lazge pumber of trials.
No false signals were observe. Jduring field tests inremote locations. Although signals due to
pollution sources were pr  -ni Jduring tests at Warren, the characteristics of the respon- of chemical
monitors to polluwant sourcws were counsideraoly difierent from those of the response to vehicles.
Vehicle detection was possible when monitoring a roadway downwiad from a heavily traveled road.
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In exploring possibilities for vehicle classification, a laboratory study was conducted to deter-
mice the molecular vomposition of the organic fraction of military vehicle exhausts. Gererally, no
significant differences were noted in the limited number of exhaust samples collected from only
gasoline vehicles, or 1n exhaust samples collected from only diesel veliicles; however, the charac-
teristics of the organic emssions from these two classes of vehicles werc sufficiently different to
provide a basis for classification. This would permit the distinction between 1:ght- and heavy-
weight military vehicle traffic, or possibly, between civilian and military traffic.

Another approach to the same level of classification is based on differences in the composition
of major exhaust components. Available evidence from field tests and other sources suggests that
particulate matier, nitrogen oxides, and carbon dioxide should be indicative of both gasoline and
diesel vehicles. Sulfur compounds would favor the presence of a diesel vehicle, while hydrocarbons
and carbon monoxide should be indicative of the presence of gasoline vehicles. By combining two
simple detectors to form a classifier unit, it should be poss:ible either directly or deductively to
distinguish between diesel and gasoline vehicles.

Trade-off analysis of chemical sensor concepts that appeared most applicable to the detection
of vehicles by remotely placed sersors indicated that condernsation nuclei, surface adsorption, and
Honeywell 1on1zation detectors ranked in decreasing order. Chemical classifiers were configured
from paus of chemical sensors which in order of preference included the dual Honeywell ionization
system, .he condensation nuclei/Honeywell ionization classifier, the dual surface adsorption
classifier, and the condensation nuclei/surface adsorption classifier.

Before considering other possible alternatives, the above concepts should be evaluated in
detail, However, 1t 1S not necessary to study each approach individually since only three types of
sensors are recommended. The characteristics of the condensation nuclei detector are fairly well
established, so "n this case a feasibility study is not critical except for exploring the possibility
of operating below freezing temperatures. However, an in-depth evaluation should be made to
determine whether the Honeywell 1on1zation and surface adsorption sensors can be optimized to
respond as required to individual exhaust components. Once this information is availeble, tin uvs2
ot these sensors alone, or combined with each other or other sensors, can be objectively evaluated.

Although other types of sensor concepts such as seismic, acoustic, magnetic, electromagnetic,
thermal 1magery, and electro-optical techniques could not be considered within the scope of this
study, USATACOM has collected signature data for a variety of vehicles, using some of these
sensors, while conducting work for the Defense Special Projects Group. This experience has shown
the necessity of developing a variety of sensor devices since each technique has characteristics
that limt 1ts usefulness depending on target type, and environmental and tactical situations.

The general advantages of chemical sensors appear to be low false-alarm rate and a lack of
susceptibility to problems resulting from the requirement of some other sensors for ground inter-
facing, Chemical sensors seem equal or superior to other sensors in terms of detection range for
vehicles, A combination of two chemicar sensors appears useful for limit .d vehicle classifications.
Chemical sensors would normally respond orly to vehicles, this is a certain level of classificalion.

Chemical sensors also have disadvan.ages. Although their umit costs may ultimately be com-
petitive 1 many cases, development costs to reach the state of the art of other sensor devices are
higher because of a lack of previous development support. (It 1s estimated that over 1,6 billion
doliars have been expended through 1971 on nonchemical intrusion detection systems.) Chemical
sensors are genetally more complex than other sensor types and generally have high power require-
ments on the order of several watts which would limit the period of unattended use. The response
of chemical sensors 1s highly dependent on wind conditions although evidence indicates that the
downwind placement requirement can be overcome by proper placement of two detectors. Even

N e i (i ot pepebusnts



<

F

#

4 VEHICLE DETECTION/CLASSIFICATION USING CHEMICAL SENSORS

for other types of detectors, proper placement is essential to pr.vide an acceptable level of
detection at a low falss-alarm rate. For chemical sensors, response can essentially be 1n real
time after acquisition of exbaust vapors, however, effective response time varies with factors such

as wind speed and range which determine the period o, movement of exhaust vapor from the vehicle
to detector site.

No serious consideration has been given to the possibrlity o using chemical sensors and other
types of sensors in combina‘ion to improve surveillance capabilities. Kowever, 1t seems probable
that the combination of chemical sensors with other sensors could permit personnel-versus-vehicle
classification with a high degree of reliability. The use of other sensors to trigger chemical sensors
could provide complemeriary nformation while reducing the power requirement of the chemical unit,
While this study has considered the use of Jhemcal sensors only for vehicle surveillance primarily
along roads, other applications include conducting bridge security operations, monitoring waterways
for boat traffic, and surveillance of remote airfields. Specific recommendations based ca this study
are:

1. The condensatior nuclei detector should be considered for immediate inclusion 1n the
REMBASS system,

2 Studies should be supported to extend the operational capability of the condensation nuclex
detector for operation in cold regions.

3. Because of the advantages in size, weight, and unit cost of the surface adsorption detec-
tor, a continung program should be supported to develop adequate sensitivity and performance for
REMBASS application.

4

. Feasibility »tudies to fully exploit ' . potential of the Honeywell ionzation detector for
REMBASS applications should be supported.

5. A limited study should Le supported ¢ > determine optimum deployment requirements for any
chemical sensor system in a variety of tactical environments.

6. A study should be conducted tc .aluate the combinat.on of chemical sensors with other
sensor systems for application in the REMBASS program.

A vehicle exhaust gas signature program should be conducted to provide a base line for
future vehicle classification systems.

MILITARY VEHICLE CHARACTERISTICS

The deteciability of exhaust gas components 15 1nfluenced by vehicle-related characteristics
which determine total exhaust volume and compositivn. The 1 ore obviovs of these characteristics
ate engine type, fuel type and grade, and operatin, conditions. Thes.  iables probably have an
even more sigmficant umpact on the possibility of classification of vehicles by exhaust analysis.
Consequently, an attempt was made during field tests to gain experience with a range in types of
military vehicles.

The characterist.cs of engines of common U.S. Army vehicles ranging from the Y%-ton utility
truck to the maip battle tank are shown in Table I. Some of these vehicles, while no longer employed
by the Army, are currently used by National Guard units. Many of the vehicles aie in the arsenals
of friendly nations. Unfortanately, 1t was not possible to schedule tests of foreign rmhtary vehicies.
However, Soviet Bloc vehicles that correspond to U.S. vehiclus are identified i Table I for com-
panson. Engme characteristics of the Soviet vehicles are also summarized in Table I. Cuirertly
the larger logistical vehicles and the armored tactical vehicles of both U.S. and Soviet equipment

! USAREUR PAM 30-60-1, Ideniification handbook, Soviet and satellite ordnance equipraent, sixth revised
edition,

b i e w nm m or
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o , " Tablel. Engine charactesistics of military vehicles.
- U.S. vehicles -
e Cu in. Comparable
Vehicle Type Cyl disp HP Comp ratio Cooling Fuel Sovie:
Mi51 4 ton 4 141.5 71 7.5:1 liquid gasoline  UAZG9
M38A1 4 ton 4 134 72 6.9:1 liguid gasoline UAZ69
M715 5% ton 6 230.5 13825 7.5:1 liquid gasoline = GAZ66
M35A2 2% ton ] 427 140 20:1 :liquid . diesel ZIL157
M809 5 ton 6 855 250 15.5:1 liquid”  diesel -
Mi23A1 10 ton 8 785 300 16.9:1 liquid diesel KRAZ255B
M113 APC 8 361 194 ; 7.8:1 liquid gasoline BTR50P
. M113At APC 6 318° 202 21.5:1 liquid diesel BTRS50P
. M551 tank 6 318 300 17:1 " liquid diesel
M48A1 tank 12 1792 810 6.5:1 air gasoline  T54
i MG0A1 tank 12 ' 1791 750 16:1 air diesel T55
e ! vo o . *
Fe 0 ‘
. o : Soviet Bloc vehicles
’ . Cumn, -~ . . . Comparable
Vebhicle Type Cyl disp HP Comp ratio Cooling Fuel U.S.
R UAZ69 %ton 4 149 70 6.6:1 water  gasoline  M151
L ’w‘c; ’ GAZ66 14 ton 8 259 110 6.8:1 water gasoline M715
. ZIL157 2% ton 6 339 109 6.2:1 water gasoline  M35A2
® KRAZ255B 10 ton 8 908 240 - 16.5:1 water diesel M123
L BTR50P APC 6 1166 237 15:1 water diesel M113A1
T55 tank 12 2367 572 14.5:1 water diesel M60A1
" ) ) .
W are diesel powered, while the lighter utility vekicles are gasoline powered. Compression ratics of
& the Soviet vehicles tend to be lower than those of the U.S. counterparts, possibly providing some
¢ basis for expecting chemical signature differences. In additiop, the Soviet battle tank, the T55,
. 1s liquid cooled. whilz the U.S. M60A1 battle tank is air cooled. This may resu)* 1 a variation in
o engine operating temperature which could be reflected by a differ=nce in chemical signature.
'? 3 The amount of exhaust gas emitted by each vehicle is determined by both the displacement of
| a3 engine and the engine speed at which the vehicle operates. For example, the M60A1 tank with
‘ X a turbo-charged 1791-1a.* displacement engine expels approximately 175 Ib of exhaust,/min when
. traveling 30 mph. Other vehicle engines would expel considerably less exhaust if they were naturally
P /\.Jj aspired, had smaller displacement, or were run at lower speed.
" in consideration of what 15 1n store for militaty vehicles over the next 15-year period, the same
R general types of vehicles and power plants that are currently in the military vehicle arsenal will
¢ probably continue 1n usage. For 3+ton and 1'4-ton mfantry support venicles, gasoline will contite
i
] ) te be vsed as fuel 1n conventional engines. For 2V4-ton and larger vehicles diesel power w1l be
v emploved. Engine types such as the turbine and rotary piston, while under research and develop-
¥ -
P'\ ment for potential mlitary application, are not currently 1n use 1n any standatd issue velicles. In
N the 1985 to 1990 time frame, some turbine powered vehicles may be developed, particularly fof high-
mob:l1ty combat missions.
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o There are three types of U.S. militasy diesel fuels for regular, winter, and arctic use.* The
regular (DF2) acd winter (DF1) graedes coatain no rmore than 0.5% sulfur, whereas the aretic grade

oo . - (DFA) sulfiz content is limited to 0.15%. The wiater 2nd zrctic grades have increasingly lower
. viscosities, reflecting a higher percentage of lighter weight nydrocarbons. {The sulfur content of

< Soviet diesel fuel ranges from 0.4% for aretic grade (A) to 1% for regular grade (L).’] There are two
s grades of gasoline for all-puzpose (iype I) and low-temperasize (Type 1) use.® Both grades are

“u limited to 0.15% sulfur. Fuels coatain various additives such as oxidation and cofrosion inhibitors,

F metal dezctivators, @nd antilknock compounds which may be of consequeace in vehicle detection and
2 classification. In this regzzd consideration should be given to t2zging U.S. fuels with additives

waich are identifiable in exhaust for detection purposes.

Values of ti..2 typical concentraticn of prominent exhauct constituents from both diesel and gaso-
line engines are shown in Table Il. These valees were obtained by infrared analysis of exhaust
gases. It 1s emphasized that these values caa vary over a wide rapze. Also, the total amounts of
exhaust emitted into toe atmosphere vary with engine physical and operating characteristics. The
concentrations of mitrogen oxides and earbon divxide appear comparable for both diesel and gasoline
engines. Gasohne engine exhaust may contain more carbon mwonoxide, hydrogen, and hvérocarbons,
while diesel engzine exhanst contains more sulfur. All exhuusts contain large numbers of combus-
tion product pariiculatzs. These differences indicate potential for classification of diesel and gaso-
line vehicles; however, the exact significance in terms of detection or classification is diffienit
tu judge without field test data because of the number of interacting factors which influerce exhaust
composition downwind from the vehicles. Detailed analysis of the hydrocarbon fraction may be use-
ful for classifications of the various types of diesel and gasoline powered vehicles.

The vehicles included m the field tests at Yuma, Arizona, and Warren and Grayling, Michigaz,
to be discussed later are indicated in Table II. The exhaust from a number of these vehicles was
sampled for detailed molecular analysis in the laboratory to determine if differences in exhaust
organic compounds might be useful for classification. The vebicles tests are illustrated in the
photos shown in Figures 1-9. The 11151 !s-ton logistic carrier (Fig. 1) has replaced the M38AZ.
The L1715 1%-ton utility truch (Fig. 2) 1s the current issue replacement for 3;-ton vehicles. The

G L35A2 21-ton truck (Fig. ) 1s the current high density vehicle. The 1809 (Fig. 4) and M123A1
L (Fig. 5) are 5-ton and 10-ton tracters. The diesel 1§113A1 armored personnel carrier (Fig. 6) has
o replaced the gasoline powered 11113. The cumrent high-mobility tank is she 551 (Fig. 7). The

1i48A1 gasohine powered mam battle tank (Fig. 8) has been replaced by the L60A1 (Fig. 9), which
is diesel powered with exhaust gas mired with cooling air.

Table . Chemical composition of exhaust from

diesel and gasoline engines.
I Typical concentration (%)
& Constituent Diesel Gaanlige
~_/ Carbon dioxide 2.0 9.0
Carbon monoxide 0n.1 4.0
Hydrogea 0.03 2.0
Hydmearbons D.02 0.5
Nitrogen ondes 0.04 0.06
Salphins dinxide 0.02 0.605

? Federal Speeification VV-Fwu0a (1°¢8) Fuel o1l, diecel, 22 Mas,
} Saviet Speoification ST-C504-2-71 (1971) 27 Jan.
* Minery Spectfication PIL-G-2035C (1767 Gusline, automotive, combat. 31 Aug.

|
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Table lI. Military vehicles included in field stadies.

Sie Exhaust sampled for

Vebicle Yuma Warren Grayling molecular analysis
M151A1 G G G X

M715 G G G X

M1i3 G

M113A1 D X

M09 D D

M123A1 D D b4

M35A2 D D D X

M551 D X

M48A1 G

MG0A1 D X

G = gasoline; D = diesel

Figure i. U.S. Y%-toi, vehicle, M151.
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Figure 2. U.S. 1%-ton truck, M715.

Figure 3. U.S. 2'-ton truck, M35A2.
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Figure 4. U.S. 5-ton truck, M8039.
Figure 5. U.S. 10-ton truck, M12341l.
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Figure 6. U.S. APC, M112 and M113A1.
Figure 7. U.S. tank, M551.
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In conducting field tests no attempts were made to tune the vehicles to maximum operating per-
formance. They were run "‘as received,’” which is indicative of theiwr condition under normal field
operat:on as supported by organmizational and direct support level maintenance. No attempt was
made to obtamn the newest vehicle available 1n each class. Consequently, most of the vehicles Lad
accumulaied a considerable aumber of miles prior to the field tests. All vehicles were standard
issue with regard to engine and power train. However, in some cases minor modifications had been
made to other portions of the vehncle which were not related to operating parameters. DF2 diesel
fuel and Type-I gasoline were used during all tests.

FEASIBILITY OF VEHICLE DETECTION

In order to evaluaie the concept of military vehicle detection using chemical sensors, the de-
tectab:lity of various exhaust componeats from vehicles operating under field conditions was de-
termined using state-of-the-art chemical momtoring equipment. The principal objective of these
field trials was to answer the followicg questions:

1. Is the concept of chemical detection of miliiary vehicles valid?

2. What detection range is probable?

3. To what extent do local environmental conditions affect detection capability?

4. What kind of false-alarm frequency can be expected under various environmental conditions?

5. Do background concentrations i ambient am of the chemical components present in engine
exhaust vary significantly?

Field tests designed to explore these questions were conducted at three locations. Yuma,
Ar1zona, Warren, Michizan, and Camp Grayling, Michigan. These sites were chosen to provide a
variety of environmental and terrain characteristics while taking advantage of locations with a
ready supply of mitary vehicles available for testing. The Yuma and Camp Crayling sites had the
added advantage of electric power availability 1n relatively remote locations, allowing vehicle
testing without the complication of background vehicle traffic or pollution sources.

The types of chemical monitoring equipment used during field tests were selected to meet
several critena. First, the equipment was specific to at least one of the majot exhaust components
listed 1n Table 1. The equipment had real time response characteristics ( -2 sec), and as high a sensi-
tivity as 1s currently available. Six types of chemical monitors were included in the fiexd studies.
A condensation nuclel monitor was chosen for detection of particulates because of its lack of
response to dust particles as well as 1ts high sensitivity to vehicle exhaust. A chemiluminescence
monitor was ncluded because of its sensitivity to nitrogen oxides which are prominert exhaust
components vut which are found at very low levels in ambient air. Although the amounts of sulfur
compounds piesent in exhaust are small compared with some other exhaust components, the flame
photometric momtor has an 1nherent sensitvity several orders of magnitude higher than most in-
struments and hence was also mcluded. A flame ionization hydrocarbon analyzer was chosen be-
cause of 1ts combined response to both hydrocarbon and aldehyde fractions of exhaust as well as
its relatively lgh sensitivity. An infrared absorption analyzer sensitive to carbon moenoxid. was
another choice. The low levels of carbon monoxide in unpolluted aw as compared with the concen-
trations found in engine exhaust made 1t a likely candidate. The sixth system chosen for field
study was the Honeywell wnization detector or the Air Force Multiagent Detector. This system,
aithough at present optumized for chemical agent detection, was generally configured for field use
and had the potential advantage for mrdification to sense several different exhaust components.



[

o——— s

VERICLE DETECTION/CLASSIFICATION USING CHEMICAL SENSORS 13

Detection equipment sensitive to carbon dioxide was considered but not included because of the

high level of carbon dioxide present in ambient air, A hydrcgen detector was not considered since
the presence of hydrogen gas as a component of engine exhaust was not realized initially and suitable
equipment was not readily available.

1t should be emphasized that the major objective of these tests was to evaluate the detectability
of the individnal exhaust componeants under field conditions. Field configured chemical detectors
were concurrently evaluated when available; however, these were limited to the condensation nuclei
detector, and the Honeywell ionization detector. The other instruments used 4o not necessarily
represent the tyves of equipment best suited for detector development, but rather represent current
state-of-the-art laboratory air monitoring devices.

Field Studies

Yuma, Arizona

The first field test was held 1-10 February 1972 at the Yuma Proving Ground, Yuma, Arizona.
Because this was the first exercise, the main objective was to determine the general feasibility of
detecting military vehicles operating under field conditions using chemical detectors. We also
hoped to determine the detection range in open terrain as well as the effect of wind speed ana dire.
tion on detection capability. Background levels of the various chemicals found in exhaust were
also monitored as they related to the false-alarm rate that might be expected using chemical sensors,
and to the practical lower 1imit of sensitivity for detector design.

The terrain at Yuma is gently rolling with very little ground cover, as can be seen in Figure 10.
The ambient temperature during this time of year ranges from, the low 40’s to the middle 61y~ (°F).
The site chosen was located in a remote section of the Yuma Proving Ground known as to » chemical
test area. The monitors were placed o sample air 3 to 4 ft from the ground. The test are:: (Fig. 11)
was arranged to allow vehicle traffic to be monitored at various distances upwind froin the sampling
station. Two portable condensation nuclei detectoss were arranged 100 and 200 m further downward
sampling at ground level to gain as much information on detection range as possible from each
vehicle pass. During the course of the test, some trials were made with the portable condens=¢icn
nuclei detectors placed upwind of the vehicle path of travel to determine upwind detection cap.s~
bility.

The results of the Yuma test were generally quite good considering this was the first such
attempt at vehicle detection. Military vehicles were shown to be detectable using chemical instru-
mentation. Data for ‘ndividual types of vehicles are not shown. Rather, data yere combined
according to diesel or gascline class. The condensation nuclei detector was clearly the most sen-
sitive type of instrument used and results using this detector at various downwind ranges are
summarized in Table IV. The condensation nuclei monitor was highly sensitive to all types of
vehicles up to 400 m in open terrain. At greater distances, more success was found in detecting
the larger diesel powered vehicles than the light-duty gasoline powered ones. The response
characteristics of this detector at several downwind distances are shown in Figure 12. The mag-
nitude of detector response of two 400-yd detections differed from that of two 500-yd detections
{trials 2 and 3). This was caused by vanations in the meteorology and the fact that the truck was
traveling in different directions for the two trials. In one tnal, the exhaust pipe was pointing
towards the detectors and was not affected by the turbulence created by the truck. In the other
trial, the exhaust pipe was pointed away from the detectors and the exhaust passed through the
turbulence before it could reach the detectors. In one trial, the exhaust cloud was dispersed, re-
sulting in a longer time of exposure to the detector. In the other situation, the exhaust cloud was
narrow and passed by the detector more rapidly. This influence of exhaust pipe location on de-
tector response characteristics was observed for many types of vehicles.
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Table IV. Detection of military vehicles at various downwind distances
in open terrain using a condensation nuclei detector.

Vebhicle type*
Range Diesel Gasoline Total
(m) Trials Detections Trials Detections Trials Detections
18 12 12 10 10 22 22
35 bt} 29 10 10 39 39
135 21 20 11 9 32 29
235 18 16 11 9 29 25
290 15 14 5 3 20 17
400 23 21 12 5 35 26
500 19 14 12 2 31 i6
600 6 4 6 1 12 5

*Data obtained for the various diesel vehicles and gasoline vehicles tested are combined
under each heading.

Teiaé 3 Trial 2 Triol |

Full Scole Range
100K (N/er?)  90Ometers

30K{N/em?)  500m

600m
30K(N/cm®) A

~—Time

Figure 12, Typical responses of condensation nuclei detectors to M123 10-ton
diesel truck operating in open terrain with 10-mph wind speed.

Some of the other chemical sens .t systems also met with considerable success, therr results
are summarized 1n Table V. The Honcywell 1onization detector and the chemiluminescence monitor
were highly successful 1 detecting vehicles at the 18 and 35-m ranges. Their response character-
istics as compared with those of the condensation nuclei detector are given in Figure 13. The
flame photometric unit responded at ranges up to 35 m for diescl vehicles but was not sensitive at
these ranges to gasoline powered ones. The flame 1onization momtor was subject to operational
problems during the tests but at times responded to gasoline powered vehicles. The infrared car-
bon monoxide monitor was inoperable during testing so results for this system arc not given. In
several cases detection at 35 m was better than at 18 m. This was generally the res«lt for several
types of vehicles whuse exhausts were thrown high into the air and did not descend i. ground level
within the 18-m distance.

The detection data shown in Tables IV and V are conservative since changes 1n wind direction
after mmtiation of a trial prevented detection in some cases. This was particularly true at larger
ranges.

R

[
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Table V. Detection of military vehicles at various downwind distances.

Vehicle type*

I Range Diesel Gasoline Total
i Sensor type (m)  Trials Detectionst Trigls DetectionsT Trials Detectionst
i
1 Open Terrain
§ Condensation nuclei 18 12 12 10 10 22 22
; (Combustion particulates) 85 29 29 10 10 39 39
150 3 3 0 0 3 ]
290 15 14 5 3 20 17
400 238 21 12 5 35 26
Chemiluminescence 18 14 10 8 8 22 18
(Nitrogen oxides) 35 238 22 6 6 29 28
150 4 4 J 0 4 4
290 14 10 6 0 20 10
. 400 13 8 6 0 19 8
- . <
o Honeywell :omzation 18 9 8 16 15 25 23
< (Unknown) 35 32 30 21 13 53 43
290 18 7 8 1 26 8
400 12 8 8 0 20 8
G Flame photometric 18 14 5 10 2 24 7
C (Sulfur) 8 28 18 10 0 23 18
° 150 3 0 0 0 3 0
“ [ 290 15 0 6 0 21 ¢
N 400 12 0 6 0 18 0
“%; Flame 10mzation 18 17 0 10 3 27 3
o (Hydrocarbons) 35 19 0 10 2 29 2
o 150 1 0 0 0 1 0
o 200 12 0 6 1 18 1
400 8 0 6 1 14 1
Urban Environment
N ; Condensation nucler 12 20 20 10%* 6 30% 26
o - (Combustion particulates) 17 18 18 10 10 28 3
27 P 21 21%% 19 46%* 40
d ., . Chemilumnescence 12 20 18 10%* 0 30** 18
) (Nitroger oxides) 17 18 18 10 9 28 27
" 27 26%% 2l 21%* 9 46%* 30
I
Flame photometnc 12 20 14 10%* 0 30*x 14
. (Sulfur) 17 18 18 10 0 28 18
| 27 23k 10 21%s 0 e 10
P : Flame ronzation 12 20 2 a0 7 30 9
Hﬁ : (Hydrocarbons) 17 18 1 9 4 27 5

L 27 25** 1 21+ 3 46 4
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Tabie V (Cont’d).
Vehicle type *
Range Djesel Gasoline Total
Sensor tyge (m) Trials Detectionst Trials Detectionst Trials Detectionst

Wooded Terzain

Condensation nuclei 27 16 16 50 46 66 62
(Combustion particulates) 88 6 6 11 9 17 15
Chemiluminesccnce 27 16 15 50 33 66 48
(Nitrogen oxides) 88 6 2 11 6 17 8
Honeywell ionization 27 41 19 40 11 81 30 ,
(Unkaown) 88 6 0 10 1 16 1
Flame photomeiric 27 16 2 50 0 66 2
(Sulfui) 88 6 0 11 0 17 c
Flame ionization 27 16 0 50 12 66 12
(Hydrocarbons) 83 8 0 11 0 17 0

*Data obtained for the various models of gasoline and diesel vehicles tested aie combined under each heading.
In some cases no detection was made because of shift in wind direction after beginmng a tnal.

**No chance of detection in some cases due to interference from local pollution sources.

N
1
!

Trigt S Trial 4 Triol 3 Triol 2 Triall

|

| !

| !

! I 290m 20m

Range 290m 1 400 400m
mand L-q—d V NpAanens’ W H"!

: a Chemllummesc?nce
|
!
1
1
1
I
I
|

b lonization |

i i ¢ Condensation Nucler !

Figure 13. Comparison of responses from chemiluminescence manitor, anc Honeywell
ionization and condensation nuclei detectors in open terrain.
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Wind conditions were aa extremely important factor to detection capability. Wind speed dizing
the test period varied considerably from about 15 to 20 mph on some days to a dead calm o2 cthers.
Detect:on upwind of the vehicle path of travel was impractical even a few meters from the rozdway.
This mndicates a requrement for at least two detectors, one placed on each side of the rozdway, for
successful vehicle detection in open terrain. Detection capability also suffered severely during
zero wind conditions, where most of the exhaust tended to rise rather than diffuse laeraily. High
wind conditions did not seem to present particular difficulty but resulted in narrower peak widths
1n detector response characteristics, particularly at close range. Except urder calm conditions,
the exhaust tended to remain close to the ground and follow terrain featwres, indicating that detec-
tors can be placed at ground level to minimize discovery by enemy forces.

By momtoring the chemical parameters on a 24-howr basis the false-alarm rate was shown to be
zero. In all cases, an unexpected signal was attributable to other vehicles operating in the general
vicinity of the test site. in fact, many times these vehicles were not cbserved until afier a response
was noted on the detection equipment.

Warren, Michigan

The second field test was scheduled for 5-11 April 1972 at USATACO?] in Warren, Michigan.
This site 1s located within metropolitan Detroit, where background levels of exhaust chemicals are
expected to be considerably high r than those found at Yuma. The objective of ihis test was to
determine the effect of high and variable background levels of exhaust chemicals on detection range
using chemical nstrumentation. The second objective was to investigate the false-alarm rate
caused by operating near pollatioa sources. Finally, the third objective was to determine the
possibility of using chemical monitoring equipment tu observe a vehicle operating at close range
downwind from a heavily traveled roadway.

The test site was located on the grounds at USATACOM (Fig. 14). The test precedure utilized
axisting roadways around the open area indicated as the test area in the illustration. Variable
range was achieved by moving the equipment which was mounted in 2 mobile van. The Honeyweld
10nization detector was not available for this test, but the other monitors were the same as those
used at Yuma. The temperature during the testing varied from 20°F to 5C°F. Wind conditicns were
generally lighter and more variable than those found a2t Yuma and tests were run only when the
chemical monitors were in a position to be downwind of the vehicle path.

Data from all vehicles were combined into diesel and gasoline classes. The results of the
Warren test (Table V) indicate that the usable range of a chemical detector would be considerably
less 1n an urban environm=nt that that in a remote one. This is primarily due to the higher back-
ground levels of exhaust chemicals found in the urban atmosphere. False alarms were encountered
when the monitormg system was directly downwind of a coal burning power plant located less than
3C0 m from the test site. The response to this type of false alarm was large but had a different
peak shape and duration than that caused by a passing vehicle.

Experience during the tests at Warren showed that it is possible to detect a vehicle passing
at closerange, downwind from a heavily traveled road. The background traffic at a distance of a
half mile o1 so caused an increased base-line level of exhaust chemicals but no distinguishable
response peaks. The net effect would be a smaller effective detection range when operating under
these conditions. The overall experience gained at Warren mndicated that it is possible but con-
siderably m e difficult to engineer a chemical detector to operate in an urban environment than
in a remote one.
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Figure 14. Site characteristics, Wamrea, Micaigan.

Camp Grayling, Michigan

The third and fical field trial was beld 12-20 Apxil 1972 at Cz—p Crzylirz, ¥ chizen. The
main objective of this test was to determine the effect of wooded temrain oo detection rerge. The
second objective was to explore any gcoblems associzted with operetion 61 snow covered terrzin,
The third objective was to determine if proper placement of t=o éetectors could give a hizh prehe-
bility of detection independent of wind conditions.

The site chosen for this field test was located within a forested zrea of the carp, 2s showr
1 Figure 15. The ground had 1 to 2 ft of snow cover at the beginning of the test and tecperatrres
ranged from 30 to 50°F. Wind conditions during the tests were generally light znd varizble.
The test 2rea is shown in Figure 16.

The chemical monitors and detectoars used in this test were identical to those used at Yuza.
Kost of the equupment was mountes m two mobile vans located within *he limits of the forest. Air
was sampled 3 to 4 ft above the surface. The Honeywell icnization detector was plzaced slightly
forward of van A and sampled at a height of 2 ft. Portable condensation nuclei detectors wene
deployed at 8 and 18 m respectively cn esther side of the main trail and sampled at ground leval.

The results of the Camp Grayling test are given in Table V. The range of detection within a
wooded area was xore limited than that voserved in open terrain. This s thought tobe dee to a
more efficient dispersal of the exhauct cloud in 2 forest. Turbulence caused by air moving thouzh
the trees was probably responsible for this effect. No problems were cbserved in connection with
operations under conditions of snow cover. Condensation nuclei monitars placed directly ca susw
operated proporly, althoush ambient temperatures were generally above freezing.
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Figure 17. Typical response of condensation nuclei detectors located
o5 both sides of vehicle path of travel in wooded terrain.
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Figere 1R Tipical respozse of copdessation pacled etectoss aranged
a1 Efferest donmwizd distances in wooded teqzin.

B2 coorlrsicn, the effective Geteciion romze in wooded terrein geems 10 be soreahet less tkan
tkzt chsesved B cpea temrzin. ‘Tkis s 3 jnfzmert, sinee the test setep 2t Cazp Crasifez did sce
*zher 7 wooded them ia the open terwaia, The comoelt of piacinz two dzteciors on ether side of
2 2l 2o be momitar=d seems te B2 2n dfeciive w27 1o 2void dependence on wind Eiection. This
coErept is extreme’y ipaetacs for sractical nse of chezicsl sensars.  Fiovther evaleziion eader 2
vzrizty of temain o0 esvioneent2l condftings (o esizhlivh 72mzes thet czn be eblzined independest
d wind comdizices is essexgiz). 1he ceadeasstios ouclel detesiar w2S 2g2in the oSt suceesshs
sensor for both detersion relizbfiity 2nd o=, Placezent of éateciars ezt the growsd mroved
speeessial in wooded temzin, which wosld 2328 aliow e2sy concealzent. False alzrzs were £ot
eacoz=xiered éaring the Ca=p Crasling test.

Sarzxmary of Field Tesis

The objective of the overzall field test pregram was io evalrzie ihe detectability of military
vehicles operating under field conditions, using state-of-the-art ckemical instrumentation. This
was done in remote ope. terrain, an wrban envireament, and a remote wooded location. In 2il cases
the vedicles proved to be highly detectzble, as shown in Tzble VL

Of the six types of seasors chosen for field sindy, the condensatita piclei detector was by far
the most reliable detection system. In open terrain it had a detection range of up to 400 m, with a
reduced detection probability at ranges tp to 600 m. Although this range would be less in an urban
or wooded enviroament, it would still be sufficient to ensure placement far enough froor ~ roadway
i0 avoid easy detection by ecemy forces. The cument M3 Persomnel Detector is based on the coa-
densation nuclei concent.

The other two systems that showed reasonable Zatection capability were the chemiluminescence
moniter and the Honeywell 1on1zation detector (Air Force Multiagent Detector). The chemilumines-
cence monitor was similar to the condensation nuclei detector 1n that st responded umversally

e
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Table V1. Seamay of nilitay vehicle detection wsisg caexical seasors localed doxryind.

Velicte cjpe
Raige Diesel CGasgiipe TFeez!
Sexser tipe (m) Trizls Deteccions Trizls Detectivrs Trialis Deaecdoss

Conders2rion mnzled 2035 114 i 3 o z23 3
(Comiressiom parsierizies) 8§ to 15D 0 2 b3} 9 48 o
E5C to 220 32 23 5 iz 45 %2

490 1o 609 45 ke 0 8 S £

Chemiinmineczenece 2035 15 w0 b 4 =) 65 223 ©=2
(3izzogem oxides) w1 i0 6 11 9 21 i3
230 2 0 6 (1] 2 -1

40 13 8 6 0 9 8

Eocerwell jocizztion 1235 82 57 rzi B 1= 5
(C=enow) £9¢0 130 6 0 0 i ic 1
220 18 7 8 1 25 s

L) 12 S S 2 20 -3

Flame phoiomeltic 12035 114 67 1 2 25 (5]
(Scifs=n) §0to 150 -] (] i1 0 2 0
20 15 0 6 0 21 n

40 i2 0 6 0 s (]

Flame jooizaticn 1235 i15 % 110 41 22 S
(is&oczrbozs) §0 o 150 7 0 11 0 13 ]
230 12 0 6 1 i3 1

400 8 0 6 14 1]

to all vehicles. The Honeywell ionization detector in its present configuration seemed to
respond more to diesel powered vehicles but also detected gasoline vehicles. Both systems hzve
a considerably shorter effective range in their presert coafiguration than the condeasatioa nuclei
detector. Tbe Honeywell ionization detector should be evaluated 2nd modified if necessary for
response to individoal cxhaust components before further fisld testing.

The flame photometric monitor responded at asable range only to diesel powered vekticles.
The flame ionization monitor, on the other hard, was seansitive oaly to gasoline powered vehicles.
Hence, neither system would be useful as a universal vehicle detector. The infrared monitor used
for carbon monoxide detection did not prove successful during test runs when it was operational;
this may have been due to the coxfiguration of the particular monitor used. The preliminary tests
run on the suxface adsorption sensors were encowaging at shaet vange. Modifications allowing
optimization for use under field conditions are required before further testing can be ceaducted.
In further tests, it would be worthwhile to include monitors for carbon dioxide and hydrogen.

Wind direction was determined to be an extremely important factor iz vehicle detection capability.
Upwird detection of vehicles proved to be impractical in open terrain, and limited in 2 forested
environment. Tests run with detectors placed on both sides of the anticpated vehicle path, inde-
pent of wind direction, proved highly successful. More study is required to evaluate the generality
of this approach. Study is also required to determine if this type of placement allows detection
during a completely calm condition in open terrair
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B was also éxtermined thas the exkenst clood prodoced by 2 moving vekicle tended 7o reain
mear the gromad ia 2M locaticns tested. This allows detecior placerem 28 groe=d level, pesesting
ezsy coareztrent. The posilico of the exbzesi pipe seemed to kave 2 prked effect to0. When
tke exbeost pipe poited rpwind of the velicle, the vehicle's oun tmbrlence sgemed to sgrezd the
clood, reszhtizz in 2 broad respense pezk. Ween the pipe w2s pristing dowmwind, 2 exch shorper
peak resslied. This effect was ooted repeaiedly in 21 three locazions tesied.

Fina2lly, the f2lse-z2lamm rate delersined & both resmote locations was visteally zevo. Jathe
aben test, {28se alaes {rom close pollesion soeces were noted St these gemerally Exd different
ckaractesistics froe Sefections resuliing from 2 vebicle passizz 2t close range.

FEASIBILITY OF VEHICLE CLASSIFICATION

Initial ceesidezziion of vsinz cheice] seasors to classify vehicle iype indiczied 3 hizh
probzhilizy for differemsiziinz belween disse] znd gasoline pomered vehicles owinz to differences
in eazine desizn, opesaiing characteristics, znd foel cooposition. Since both docesiic 2nd foreizn
s=nrfzcimrers carently ese diesel exgines exclesively in consructing medie=- and heavy-weizlt
milizzry vebicles, zné generally ese gasoline engines in constrocting hehw-werehi coremercial and
=iinzTy vehicies, i seesed Gesabie for inelligence porposes to be zhie 1o distinguish Deiween
these vehicle types. Fuaiberooce, this level of classificaiion see=ed appropriaie for an inxial
stady of velncle classificaiion. A secendary objeciive was o dziermine if fimiber classification
within a vehicle class is possible.

Two approaches wete takea. The firss coasisied of molecular analysis of the orzanic {racizen
of vehicle exhzpst iv Getermine i tbe t3pes or coacentrations of oggznic chemcals could be used
for engice classificailon. The orgznie fraciica wzs selected becaunse of the larze numbers of or-
ganic chezicals shose individual coacenirations could be 2 feaction of enzine size of type.

The second zpproach to classificaiion was the analysis of daia obiained dzmg field momior-
ing of tbe major exhaust constiteenis, including total hyvdrocarbons. particulates. sulfur containin,
cozpounds and nitrogen oxides, to d2iermine if one or 3 combination of these gross parameters
could be used to distingzuish between engine classes.

Molecular Analysis of Exhaust Organics

In the molecular analysis experiment, samples of exhaust gases from the various types of
military . fucles mdicated in Table HI were taken at USATACGM and the Yuma Proving Giound.
These samp es were collected ¢n a Porapak-Q collection tebe similar 1n design *o tubes cumently
being used in several laboratortes® Tor collection and concentration of organic components for ai
samples. These samples 25 well as oihers taken for avcilable vehicles at USA CRREL were
analyzed on a combined gas chromatograph-mass spectroseter-data acqmsition systen. This method
of analysis 1s considered 10 be the most powerful approach to separation and identification of com-
plex mixtures of volatile organic chemicals currently available.

The results of this prehmmary work ndicate from a companson of vehicles within an engine
class that there 1s some variation in total quantity of exhausi organics. but similar relative compo-
sition. Comparison of diesel exhaust w:th gasoline exhaust, however. shows strikingly aifferent

¥ Leggett, D.C.. R.P. Mutruaann, T.J. Jenkins and R. Barrtera ¢1972) A method for concentrating and de-
termining trace orgamec compounds 1n the atmosphere. USA CRREL Special Report 176.
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Figure 19. Typical chromatogrzms of organic fraction of vehicle
exhaust collected under field conditions.
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relative composition as well as a lasge variation in total organic content. Analysis of the data
irdicates that the m2jor cozponents of the organic fraction of exhaust fro both engine types coo-
sist of the followinz chemical tspes (lezd-containing organic chemicals in gasolire exhanst bave
not heen considered because of thelr ease of eliminaticn by changing to lead-free gasolize):

1) satorated, ansaiwrated and arometic hydrocatbons: 2) oxyzenated compoards: 3) aliphatic nitre
cocpounds; and 4) some sulfexr containing species. Since it was impossible 10 separate and
identify each of the maay individuzl chemicals present, exphasis was placed upoa identification
of the most prominent sp2cies relevant to discrimination between the two engine types.

The gasoline engine emitied volatile organic ciemicals in significanily larger concentrations
than the diese! enzine. Of these commpounds, the molecular weigik distributions of the saturated
hydrocarbon fraction fro:n the two types of exhaust we-e svostantially different, apd paalleled the
difference in fuel composition. In particular, the gaso ine engires emitted large amounts of satwrated
bydrocarbons in the range C, te C,, «hile these compornds in diese] exhausts were weighted to
the C, i0 C,, range. This difference can be seen in the chromatograms (Fig. 19) obiained from
szmples collected under Zield conditions using the collection tubes. The numbered peaks in this
chromatogram comrespond to the numbered compounds listed in Table VII. The gasoline engine

Tadle V. Organic components identifled in diesel and gasoline exhaust.

Sazples taken under field corditions Direct icjectioa
1. Isopentane i. Methape
2. n-Pexitne 2. Ethvlene
3. Penten. 3. Ethane
4. i. 5-Cy<bopeniadene 4. Acetylene
5. 2-Mewylpentane 3. Propace
6. Methricyclopentane 6. Propene
7. n-Hexane 7. Propadiene
S. Berzene 8. C, Hydrocarbons
9. C; Hydrocarbons 9. C; Hydrocarbons
10. C, Hydrocarbons 10. C, Hydrocarbons
11. Toluene 11. Benzene
12. Xylenes 12. Toluene

13. G, Aromauic hydrocarbons
14. C, Aromatic hydrocarbons
15. C; Aromatie hydrocarbons
. Acetone

. Nitromethane

. Methacrolein

. Butyraldehyde
Valeraldehyde

. C, Hydrocarbons

C,o Hydrocarbons

C,; Hydrocarbons

. C,;, Hydrocarbons
Naphthalene

. C,, Hydrocarbons

. Methylnaphihalene

. G, Hydrocarhons
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exhanst is also characterized oy large 2=ounes of methare, ethyiece, acetylece 2nd C, to C, upsat-
wazed bydrocarbons. ‘The diesel ergine, however, shows significanily smaller 2=ounts of these
exhaast chesmicals, as shown in the chromatograss of exaast samples (Fig. 20) t2ken at GSA
CRREL. Inthis case, the exhaast gases were aalyzed by direct injection into the analytical
ecaipment rather than by use of an adsorption tobe. The pn—bered peaks in this chromatogram
correspond to the puzbered copomnds iisted in Table VIL

Arocatic hydrocarboas were found in substantial concentrations in all samples from both diesel
2rd gasoline erzines. No significant differences in these fractions could be attribited to engine
class. Oxygenated compounds, prizarily sateseted and unsatirated aldehydes and ketones, were
also present in both types of exhanst. Aliphatic nitro coz=pounds, specifically nitrozethane, were
found in diesel exhaust and have been reported in gasoline exhaust as weill. These types of com-
ponents do not seex significant for classification. Siifur-cogtaining arganics have also been
obsesrved at very low concentrations in diesel exhan2.* The levels 2t which these sulfur comporads
are present, as well as the uncertainty of their prese 2ce in gasoline exhaust, make their use for
vehicle classification unlikely.
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Figure 20. Typical chromatograms of organic fraction of vehicle exhaust
obtained by direct injection.

® Dravnieks, A., A. O'Connell, R. Scholz and J.D. Stockham (1971) Gas chromatographic study of diesel
exhaust using a two-column sy stem, presented a. ACS meeting of Division of Water, A1r and Waste Chemistry,
Los Angeles, 29 Mar.
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<

Detection of Major Exhaust Componeats

‘The second approach to classificaiion was directed toward establishing whether the simul-
taneous detection of several major exnaust constituents could be used to re}iably classify diesel
and gasoline vehicles. Although a specific experimental study was pot conducted, it is possible
to draw some conclusions using data obtained during field tests on detection conducted at Yuma,
Arizona; Warren, Michigan; and Camp Grayling, Michigan. The parameters nonitored during the
fieid trials and the types of monitors used for detection included particulates {condensation nuclei),
nitrogen oxides (chemiluminescence), total hydrocarbons (flame ionization), total sulfur (flame
photometric) and carbon monoxide (infrared). The Honeywell ionization detector was also included
although the constituents to which it responds are unknown. The pertinent data, which include
those for all vehicle passes within 35 m at the three field trials, are summarizad in Table
VIIL

From this table it is apparent taat the condensation nuclei detector is nonspecific and responds
equally to diesel 2nd gascline powered vehicles. The came general characteristic can be noted
for the chemiluminescence monitor. The flame photometric (sulfur) monitor, however, although its
performance during field trials was inferior to that of either the condensation nuclei detector or the
chemiluminescence monitor, showed high specificity to the diesel powered vehicles. This resuit
agrees with the higher sulfur content cf diesel fuel relative to gasoline. It is felt that the poor re-
ponse characteristics of this type of monitor can be improved with experience in flame optimization.
The flame ionization monitor (hydrocarbons) also showed poor response characteristics during field
trials. Ii did, however, shuw specificity toward gasoline powered vehicles. This result agrees
with our results in the molecular analysis experiment which showed sigaificantly higher total or-
ganic output in the gasoline exhaust. The poor response characteristics for this type of monitor
are also a function of flame optimization and can be improved. The carbon monoxide monitor was
inoperable during the field trials and hence no data have been presented for it. It is felt that it
would likely respond preferentially to gasoline exhaust, judzing from the data shown in Table II.

Table VII. Response of chemical sensors to diesel and gasoline
military vehicles within a 35-m downwind range.

Vehicle type*

Diesel Gasoline

Sensor type Trials Detections Trials Detections
Condensation nuclei 114 110 109 99
(Combustion particulates)
Chemiluminescence 122 106 116 71
(Nitrogen oxides)
Honeywell ionization 82 57 77 ) 39
(Unknown)
Flame photometric 114 67 111 2
(Sulfur)
Flame ionization 115 4 110 41
(Hydrocarbons)

*Data obtained for the various models of gasoline and diesel vehicles tested are com-
bined under each heading.
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The configuration of the Honeywell ionization detector used in this study was that designed
for chemical agent detection. Although the component to which it was responding is not known, its
response generally corresponded to that of the chemiluminescence monitor. In the present con-
figuration it tended to respond to both types of velicles, with some smali specificity toward diesel
powered ones. It is felt that this type of detector can be configured to respond even more specifi-
cally toward the diesel engine exhaust by taking advantage of the significantly higher sulfur con-
tent of this exhaust.
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Summary N
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Our results indicate that classification of diesel and gasoline vehicles can best be accomplished N “‘

by a combination of two chemical sensors, at least one being sensitive t0 either total sulfur 4
(diesel vehicles) or total hydrocarbons and/or carbon monoxide (gasoline vehicles). It could also ,{
be accomplished by monitoring the methane or C, to C, unsaturated hydrocarbons in conjunction
with another sensor. This would require a higher level of detector sophistication, such as that of ,‘%
a field portable mass spectrometer and hence appears to be the least desirable of the two approaches. j
Higher order classification within engine type is uncertain but would certainly require a high level ?;
of detector sophistication such as a mass spectrometer. An extended exhaust signature program N
should be undertaken to further investigate this possibility. 3
2

A

CHEMICAL SENSOR CONCEPTS

L0 s,

Concurrently with field tests on the detectability of exhaust components for various military
vehicles, a survey was made to identify types of chemical sensors which could pofentially be de-
veloped to meet REMBASS requirements for vehicle surveillance. In conducting this evaluation,
attention was first given to chemical sensors that had previously been evaluated for other military
detection applications. Contact was then made with various commercial firms that produce chemical
instrumentation and monitoring equipment which seemed to merit consideration. Since there has
been virtually no work on development of chemical sensors for remote monitoring of vehicles, it
has been necessary to project or estimate physical and performance characteristics that could be
achieved after an appropriate development effort rather than to state current characteristics. Fac-
tors evaluated for a particular concept included selectivity for a given exhaust component, sensi-
tivity or detection limits, response time after sample acquisition, weight, size and power require-
ments, and current state-of-the-art of development.
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The chemical sensor concepts described in this section are limited to those which seamed to
have reasonable merit, all factors considered. Although the survey was necessarily limited in
scope because of the time frame of the study, it is felt that the most immediately promising con- g

AR s B

cepts were identified. These concepts are shown in Table IX according to selectivity to various
types of exhaust components. In certain cases, preferential response would require modification of
the type oi sensor currently available. Some of these sensors have undergone some development
for military use, others are commercially available monitcrs or instruments, while some are avail-
able only as commercial prototypes. A number of the sensors 1n currently available configurations
were utilized during field tests to establish the detectability of the various military vehicles.

Lt 2 T R s AR

The response of the various sensors to vehicles is shown in Tabie X. The type of response
to all vehicles, or preferentially to gasoline or diesel vehicles, 1s based on experience in field tests
in combination with knowledge of sensor characteristics in cases where no performance data are
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Table X. Response of chemical sensors to diesel and gasoline vehicles.

Types of vehicles detectable* e
Hi Gas Diesel -

i Sensor concept vehicles preference preference

| Condensation nuclei X -

f' 7 Honeywell ionization X) &) X) =

i Surface adsorption X) X J
Chemiluminescence X . : t

Flame ionization X \" - *

: % Flame photometric X - j

] Infrared absorption X X g
Electron capture X :
Thermal conductivity X 3
Kryptonate X } X
UV-derivative X X :
UV-caoirelation X X :
Mass spectrometer X X X
Plasma chromatograph X

*Although both diesel and gasoline exhaust contain all major constituents,
the amount of a constituent varies depending on engine type so that a ;
detector can be more sensitive to one type of vehicle., Parentheses indi-
cate potential response after detector modification,

available. In practice, as shown in Table VIII, sensars that respond to combustion particulate
matter and nitrogen oxides are general purpose detectors. Sensors that respond to sulfur preferen-
tially detect diesel vehicles, while sensors that respond to hydrocarbons preferentially detect
gasoline vehicles.

Although the detectability of vehicles is related to the concentration of the various exhaust
components shown in Table I, sensor performance is difficult to estimate solely on the basis of
exhaust concentration. Among the other factorsthat must be considered are detection limits of the
required sensor as well as the normal concentration of a given component in the atmosphere. This
is illustrated in Table XI, which was compiled in the process of attempting to explain some of the
relative sensor responses observed during field tests. Sensor sensitivities given are believed to
be practical under field conditions. The ambient concentrations are for remote or rural areas not
directly influenced by local pollution sources. One of these two factors limits performance in that
detection becomes more difficult as the exhaust becomes diluted to ambient levels, or the detection
limit of the sensor is approached. Exhaust compositions shown were taken from Table . The
ratio of the exhaust concentration to the concentration of the detection sensitivity or ambient con-
centration, whichever is limiting, is termed the detection index (DI). This index, although extremely '
qualitative seems to correspond roughly to relative performance of the various sensors during field
tests,

For exampie, by far the most superior performance was demenstrated by the condensation nuclei
detector (DI = > 107) followed by the chemiluminescence detector (DI = 5 x 10*). Moderate perfor- ;
mance was shown by the flame photometric detector (DI = 10*; diesel), fnllowed by the flame ion- '
ization detector (DI = 5 x 10% gasoline). The response of the infrared absorption detector (DI = 400;

RPN 2
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gasoline) semsitive 10 cazbon mopoxxde ¥2S very poor. Boweser, marhk better perfarmaace sinald
be expected from an isfrared absarption detecior seasitive 10 cabos dsoride (31 - % « 107 kb cows
paricon with other sensars, 3 thermal condnctivity detector semstive to bydrogsn show'd respond
with modecate petformance 10 gasoline exiarst /DI = 2 x 10°). Aacther factor termed the classfi-
cation index (CT} was defined i3 the ratio of the detection Exdsces for Zasoirwe and Gegel yelnries
For good classification petrforsance. a sensor shoeld kave 2 hizk DI &2 comberation wuzh 2 kgh
C1 for gasoline vehicles or 2 low Cl for diese} vekicles. Thums, for gasoline relicles the fame
ionizazion detector (DI = 5000, CI = 25) should be 2 better choice thar: the mffrared abhsorpeion de-
tector (DI = 400, C1 = 40).

The various chemical sepsor concepts are described below i terars of application 10 deteesiom
alcae or to classification of gasoline and diesel powered vekicles. The firs: cztegory nckndss
only the simples, lower-cost seasars even thoogh some respond preferentially to gasoiine or diesel
vehicles. The classification .ensars are either combinations of two detectors of abich at least ope
responds preferentially to gasoline or diesel exbaust, or more complex degectors capadle of siapml-
taneously monitoring more than one exhanst componest.

Performance characteristics in terms of detection range are estimated for 907 reliability of de-
tection or classifization as applicable. The ranges given are usually greater than would be mdi-
cated by review of field test data. However, actual downwind range should be better than shosr
by the data since changes in wind direction {frequently occurred after 2 test was initiated. In soee
cases, difficulties with instrumentation are reflected in field test results. Allowance has also been
made for increased performance that shouid result from experience with detector placemenz, and
from sensor improvement in conjunctiop with a development effort. The ranges given foc use of
two sensors to avoid dependence on wind direction are judgment values based on Iimited field ex-
perience on detectors and detector placement. Physical characteristics of current seasors are also
included in some cases with an estimate of the size, weight, and power requirements which can be
anticipated based on experience in development of chemical alarm systems. Size and weight of power
source are not included in these estimates.

The unit cost of a given sensor was estimated taking current costs and modification of current
sensor design into account for production quantities of 1000 units. Development time through
engireering development assumes ar accelerated program. While some sensor concepts have under-
gone some advanced development, advanced development work is assumed in all cases. For some
concepts, a limited amount of exploratory study 1s required concurrently with advanc:d develepment.
Development costs were estimated in two ways. First, based upon guidance from USAMERDC.*
costs were estimated to be 2000X unit cost for 1000 unit production. However, this cost estimate
appeared to be too low in most cases considering that development costs should be based on all
efforts required for completion of the engineering development program including all documentation,
maintenance, training, and evaluation requiremernts for type classification standard A. These
original figures were then adjusted to higher values when required to be consistent with
costs previously encountered in development of chemical agent alarm systems. It is emphasized
that development costs reported are rough estimates since time restraints did not permit a de-
tailed cost analysis. The apparent higher cost for chemical sensors may well be due to tt - fact
that most other types of sensors have already undergone a consideratle amount of development
for REMBASS-type arplications. It is estimated that through 1971 more than 1.6 billion dollars
have been expended oa development of intrusion detection systems.” Another factor reflected 1n
development and unit costs is that chemical sensors are generally more complex than other sensors.

* USAMERDC has task responsibiiity for development of REMBASS «ensors.
’ Frost and Sullivan Co. (1971, Intrusion Getection, weapons location, and sensor aided m:hitary markets,
Camp Reports.
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Casncal Sexowrs e VeitieTe Bstiersinn

Conbennaion mycied deteciar

Teifele exrrst cantiefns Rirze mmbers off eomPazsiom prades gotfelles fin the sfze cenre off
A0l to &8 p T dRemeter.  When presatt omdier eertzim eendZiiors i 25 saupersatartsh with waser
vzZey, thene pricles oot 2 moeled for eandfiammrdom of the vz o form witer deeplers. Sich
pariieles are tarmed encdizreanion melel (CN). Tie cotnznee of G watar dooplers, whteh o=
exslty mersmred By Bt aramratiom ueins 2 pitvroefiernde e, provides the Besds for thvs er—amery
serziire yeiiels derechion teefminee. Krem 2 sl ey emrite predinees mrrs tham 6 paraichess
sz ia s ez, A CN detaetor (CVD) exsly responds to 25 Idle 25 18 porticles/ent, witizh
s 2ore the arrne’ comeestrathion off CM & mem 2tnagierde 2. Detzerer respomse tine i leas
thon 2 s

Tz OO (Fiz. 21) bes endiersre some derelonment £ aoniension 20 parsommed deneetion
Abforsh ke CFD is pop seociive to paomeeR Srartlly, B dozs detent pamferiarte motiar goanerated
B oenimeticn w1 pserel aetivisies. e coment warsion s the M3 Fersanned Betector,. Hiss
Etector GRErZleS R 23 2Trasie ererTion Frinciple wifeh ratrtes SiromE Snrtkon And merheraeal
ez Aocther tepe of CF Setactoy 25 mew Befny developed besed ar 2 eamimnrs-flow ooz
B Biich Is sipder, more izt lzss evpemsive, od reacTes Iess power. R iESs orse, seopis
=X iz pemeed over a2 Sectriesls Fosyed wick 1o Enrodinte Bot w2ter TIor. Sepersetrztion of e
2 wih waley is maisseized 25 the seople moves cetiznunsly tironsh the system.

Figore 21. Condensation nuclei detector.
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e CID showed exzelont gerermamee during ol ters (Tablle Wik Eadhfhe dersetion exn
B cierines a2 downndnd cnpres of oere e 248 andl T70 o in cren aad wesdiad temafiy,, resernineity,
By usimz 2 ex mere distectors;, o deteerion rxyre off 308 m frfegendiant of wind drse."on stondd Be
peesiiile. Eomres ramres exn Be arxfmed! with 2 cefiretiom fin detesnion pexiality. The C8D, ke
crder efmmiesd sarmers, petpends to el cemBuztion soirzes saeh 25 fien.  Eovever, durimy il
f2artg fp rod Frers me sfirmts gere chwerred thot eonld mer Be aorBanted to wiveles,

Qe Fimfacion eff the disceetor 5 ehatt amifent tenperazoires most fe afop: fmerine shnme watsn
fsramried, Carcidertion shoold Be ghrem to sabeaitanine amsther Bonid with 2 boxer fezins
peEn. The CND &5 mer fnfrenred By etier emdimments] eanfihons smefh 25 preeiimtine or pres-
sre. A% hoedh it weondd ooy Re hond enpieeed, the GO emid Be desimed for v deglienmenn.,

Cirentt provetsTe versios of e camfmnrs-Tow CHD waieh less tham 5 5 2ofl bure 2
PO rEarTement.  Profiseced pineizal preperniies zrar ofre 7S i, weizin 2.5 T, and power re-
arcenent S T eonr shodd Be 2ot 300 for 100GrT prodfinetion.  Berefenmen eomis o
escimred 2t 7MW orer 8 397 peciad

EomeywsTi Sopbeat, n delzcta

The Boreyseil fopirotion deractor (FED) &5 extvstly befne devsloped 25 2 puizile, atommbe,
z2R-lereropie detice for enmEors e 2 chemiesl zrect dxtertian. The earent deiem provides
sEmTrnecrs detertion of S0 S30es of 25290s =5 exemely Jow eaneerrratioms,. Ths, perentizl
for Birh speeifieRty =3 sensitiviy bes been domonsyzted. The Besie conrezt of detecsion fs the
formetion 22d collacsiom of moilseedzr fars comizited i3 3 sivern of s=oplle 257 to gememte 2 eier-
=he=l sizml. The Dranrg 2 strezan pesses tironsh three inmtration celis aommected i semies.
Each o= eartzins 2 sl rafroarine SEhum soree wiich ents ow enstry eloetrers. The Erer-
aceim df the elecirons Wik seaple moteesles esalis i3 moleerler ioos w¥ich zre collectad with
vesaeTs effrcneneies donmsiress, Oogecditeg on mnest 1 o8 zeometrs of the oefls, clectrode ammenze-
e, 204 elaciric] fickd siremmb. These peremeis. s 23 22ch be varied 1o 2dinst seostiiis
z23 szlectivisy for 2 given tvpe of ckeriea). RBespoose tize df the detecior s Bess ithen 2 see.

Thae HiD) was tested for velicle Jetection Sming ficld sindles. B ardzT to citz2in respoose (0
vehicle exiizpsts i w2s necessaty 1o ©odiy ihe cocfizimaztion of the cell parmelly senshifve o
cheeal 2zenis. No extensive evalozi:oo of the poper caofizztion codld be mzde within the seop2
of tbe sitdy, SO it w2s peczssaTy Lo esteblish Gejecicr peteziers aiich zppezred pecsising hesed
ca results of ezrthier screenng tests for chemczl 2gents. Nevesibeless, results during feld tesis
wete encorzging. The detecior respoaded well to bath diesel 20d gascline vehicles zt ranzes ©p
to 35 m (T'zble VI). Theexhzust coponents to whuch the detectx respoaded 2re wakacsn bt should
be determined. It is wojected that the HID should show good perforimance 2t dowawind racges of
150 o.in open temain 2nd 50 m in wooded temain. Using two detectars, a range of 50 m sbowld be
obizined independent of wind directicn. No signals that were not due to vehicles were observed
during field tests arwal arezs. The detector could be operzted at subfreezing temperatures. The
detector would normally be hand emplaced but could be designed for air deployment.

The HID in its present configuration (Fig. 22) with attached 115-VAC power supply weighs
about 15 1b and has a volume of 0.3 ft>. The unit is operable with batteries having a 10-w power
consumption at 70°F. The portable detecior could be engineered to a 200-in.’ size, 2.5 Ib weight,
and a 4-watt power requirement. Unit costs in production of 1000-unit guantities are estimated at
$600. Development costs are estimated at $3.5M over a 3-yr period.
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Figzxe 22 Hozeymell ionirztion degeriors.

Sxface aBsopliom detecter

The sudzee 2dsaption detecia (SAD) cancet covers several i5pes of seosar devices. B
ezch cz2se, 2 respose Is ée to Eeraction of ertznst chexicels with sufzce caoponenais of 2
sinple seoring elerment. Far exzsple, B thecase of 2 pizzozleciiic crysial, 2dsorption of gzses
2liers the carssizl mess which is reflecied b tenss of 2 éstectzble chenge ia resaznce fregoency.
Other sensar eleoents coasist of solid electrolvie sthsirztes cozled with thin metallic filos, 2t-
thorgh other filo meterizl conld be @ilized i some ceses to vary speclficty. As 2dsabed geses
diffase throegh the filn coztizg, the iaic conSuctivity of ihe electrolsie is 2ltered, the volee of
the electrolyie czn chzoge, o oxidztica/redoction reactioas iavolving the solid elecirolste, 2nd/or
the met2l film interface can occur depending on the perticular type of szasing element.

Specificity and seansitivity can be varied to scme degree by variation in the megnitnde of applied
biases and choice of seasor materials. The projected seasitivity of these devices is on the oréer
of 10 ppm. Use is limited to detection of carbon dioxide from both diesel and gasoline vehicles,
and czrbon monoxide or possibly bydrocarbons fron gasoline vehicles.

Most of the various types of SAD sensors are still in the researck stages. However, a small
solid state sensor for monitoring reducible gases including carbon dioxide has been reported.
Another type of adsorption sensor capable of moaitoring carbon monoxide 2=d hydrocarbons that are
oradizable gases 1s commercially available. A prototype of this type of sensor, shown in Figure 23,
was constructed by USA CRREL for use in vehicle detection studies. Operational difficulties pre-
vented collection of sufficient data to permit analysis of detection capability.
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¥

Figzra 23. Szfzce 23somplioa deteciors.

21 shaet rz2zes of severel oetess it w2s possible 10 coosistently d=tect gesoline epgines prese
2biy ia respoase 10 czrom mooaride 2od hpdroczbmns. The rezsa for the poor parformence in teyms
of Gzteciion r2nge is tht the seasar wr caafizmed for ese 2t =2l rood temperatwe in the 12h-
crztory. ‘The tests condoeted in the ficld 23 Czop CGrzyling, Mchigen, wege contncied when the
zmbiznt temperetre was 40-50°F o dess. Cosseguently, the sensor element te—perztuve was too
low for opticsn resposse.  This prodlem can be comected by groviding 2 coopenseting rmechanisn
to maint2in senser tecperatre 2t 5 gwes2t va2lve. it should thea be possible io Cetect gasoline
vehicles at ranges op t0 30 . Develop=est of the carboa dioxide senser would permit detection
of both diesel and gasoline poz-ved vehicies. These sensars could be used 2t subfreezing temperz-
tures provided that the seasc element temperatiwe is maintained at the apicoprizte level. Respoase
time was cbserved to be immediate during field tests.

Althouogh there is a relatively high risk in development of this type of sensor due to the state of
tbe art and low demonstrated perforimance, the physical and cost characteristics are highly favorable.
Detectars of this type currently are about 5 in.* in size and 0.2 1b in weight with a power reguire-
ment of about 2 w. It should be possible to reduct power requirements. However, additional {easi-
bility work must be conducted before final performance and physical characteristics can be stated.

It should be possible to use all modes of detector emplacement if detectors are designed to with-
stand shock. Current detector costs are about $50/unit. Costs for 2 vehicle detection version
should not exceed $100,’unit on a 1000-unit production basis. Development costs are estimated at
$3M over a 3-y7 period.

T
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Chenilaniavecsace detecix

The efeniinrinesesnee (CH) comeestt Bes repently been zopiad to devefopment of eqninment
fer mororins pEveesn exifes. Sinee ritrie eride @I0) £s the mest 2bmndem siroren aride inex-
Femers, sepaine of thEs eomporent Sotd provide 2 meses of weibde detertion. The senplle gas
cotirizg N0 i freRm tiroerh 2 cieniear and reaceed wish ozere (0,) fredeced by 2 smaM O, gzoee-
zzer. 'The seaetion of O, wih KO prodores eiroren Soxidy, (WOL) wih the emdscion of Bin. The B
emited is persed throneD 2 opties] filter to 2 pictompkiEier teie. The siresl gemarated is gro-
prraiaza) 1o the specidie anomm of NO presece £n the aiciesd o, Detertion sexsiitiviy £s 2hoet
Q.61 pom wideh 2ocrozehes the N0 coocestration 2 rersl atmeagiteres. TEEs type of device is
czstie o rezlifne mosRoEr wEH 2 respoete thre of kess them 20 s=e

A eommercizl moeRar czgeiie of étectizg NO, NO., o HO + NO, wes mitized darizg f13
tesis. Tke peformence of thEs fesirament wes good wEE best respoese B2 the NO or O + NQ.
cperating mode.  Cood pefamence, coesidaring the state of the art, was citzied 2t dowmwizd
r22ees ) to 150 m B2 open tame®a 2d ©) 80 30 m B2 woodad temzia (Bee V). ik perfammzarce
wiA seesor Eprovemest shosid be possHle e to 150 | 223 5 = ia opea 2ad wooden temais, re-
spectitely. A rezss d 50 m Bdspesdemt df wind Eecticn showld be ditzined msing 2 detectoss.

The coestly zvail EEkors cpevzie 6a iRe power, welzit zhom 40
T 27 zme zhoat 2 i fa vabe. Thermoslecaric elements oro nead 2o ool the photommliniier trhe
zad arygen is rege¥ed fix the ozoze gensratar.  Bowewes, Exch cozld bz 6ane to SS=oiify 2ndre-
coafizme tHs device for velhicle dotection. Paiimetes of 2tizinzhle physiczl cheractevistics zte
209 in.? in size 224 2.5 1b i weizit with 2 4-% power tegiemet. T2l costs besed en prodncticn
of 1000 eits zre estizzted 2t 22000, Development costs zre estizeted to be $5U over 2 &5t pericd.

Iafrared absorptiom detector

Wolectles =bsad enszgy in the Infrzred region of the elecliomegnetic spectrem dee to interval
Vilzztica of co=ponent zto=s. The wavelenzths or freguencies 2t which 2bsarpiion occwrs depead
oa the types of ztoms involved 2s weil 2s overzll molecalzr sirocture. Inteasity of 2bsoeption
is relzted to molecnlzr cheracteristics and the coacentration of a chemmiczl. Coasequeantly, the in-
frered 2bsarption spectrum, 2 resentatica of 2bsorption intensity versus wavelength, is chzracter-
istic for 2 given typa of molecule. Monitoring of selected infrared 2bsosption bande would serve
as the bzsis fcr detection of several types of exhaust chemicals. Absorption of infrared energy by
carbon dioxide could provide detection of both gasoline and diesel powered velicles. Absorption
bands indicotive of hydrocarbons or carbon monoxide would be more uselul for detection of gaso-
line exhauvsts.

Seversl concepis for infrared absorption devices are currently under consideration for chemical
agent mornitoring. One approach, the LOPAIR (Long Path Infrared) is an active system under de-
velopment which consists of a tripod-mounted transmitter-receiver and a reflector separated by a
distance of about 400 m. The system monitors three infrared wavelengths where absorption occurs
due 't,o the presence in the optical path of trace quantities of selected chemical agents. A passive
version of LOPAIR under investigation operates without an active infrared source. In this configura-
tion, the natural background acts as the sowrcz of infrared energy, the atmospheric path contains
the sample, and the LOPAIR device is the detector. The goal is to monitor paths of several miles
for chemical agents. Neither the active or passive LOPAIR systems have been evaluated for sen-
sitivity to vehicle exhaust components so performance characteristics for vehicle detectiun are not
known. Although this concept is not considered further at thic time for vehicle detection, future
studies should take this type of equipment into account as the state of the art of LOPAIR systems
advances.
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Axarher t3pe of eommereiaTly svefhide hitaced morter 2semivizd to be spectfie for caxfen
meneride wes Enednded im 5233 e, Thts tfype of fratmment #s 20 commrly avsiiiie for
merigeins exbon Soxide and bydfroexcboss.  The axmossierie sonple fs comtimoeetly dresm tirongh
2 senple 2 tironsh whtheh om infrared berm &5 peosad to 2 semuor.  A%worption of Eifared radis-
tiem 22 2 given wrieliznh #s propcriions to samplie comtentratiom. Perfmrante dorinyy field tesis
w2s €0 pocr thel resels ove oot ghven.  Bowever, this is thooe?n to Be dre £ port to the eanfEr-
tion of the pericrdar factrmment esadl. Ao, for crbor Saxide, (BSs type of Mot shodd ke
2t }ozcl fem tEnes mire sexsiive tieu for exbon momoride @t 2 Zivem eoneendretion,  Lobharesmny
wirk sporsered by Edrewood Arcepsl esing 2 shoct path Effrered syecem wih exfenst vamors Sam
wih teesive gerelorsh and 2 vaiztle peblenmih cefl is zvailaile commercizTy. Besed am
mosHerizg of czbm diaxide, & is projected that vebiele detection shor?d ke possile at Conmwmind
r2oEeS 6D 0 75 0 204 30 m i opem 2ad wonded temety, respectitely.  Using oo 22y of 2 &etetars,
rezzes of 20 m shoe’d be 2tizivshls regardlessof wind dhrection.

Profiected pipsical mooperiies for i-Gzred 2hamption detectors (FAD) are 20052 * size, 2330
weigh, znd 4w powsr corstmneion. U2 eosts shocld be 2oy SS9 far 2000wt prodnesion.
Developeess costs zre estitzted 23 SOM for 2 437 persod.

Electron captare detecior

Wzay cheiez] compoads beve 2 siroog 2Hinky for eleciveens. The elechionczpiore éxfectar
(BCD) bzsed upe exposing volztile cheiczls wiin this propeniy to low ezergy elecizaes bes been
ézveloped far use in znzistica]l chemishy 2oplicztions. Useelly, redigective riziom coizined i
foil isesad zs tke low ensrey eleciron sozzxce. The radicective souree is zimeaged pexr elecirodes
waich mezsire eleciron cawenl. As a seple pesses throzzh the detecir cell, elecirons zre re-
coved in formation of nezetive ioas which canses 2 measimzdle decrease in eleciron cwvrez:. This
tpe of éetecion 1S exire—ely sensiiive 1o election capirzing co=pounds vet highly insensitive to
other ponczpliving che=icals.

For venicle dsteciicn, it should be possibie to develiop 2 ECD seasitive to niiroges dioxide
(X0,) produced by coovessicn of niirous oxide (N0) n.edominately present in vehicie exhzust. This
coacept has 0ot been evaluated smee 2 comxmercizl sxwoe of 2n ECD with this configwation could
pot b2 located. However, this approech seems witkin the stzte of the a1t since 2 porizble ECD
moaiter 15 availeble for deieciing leaks of refrigerants ard other types of electron capturing coz-
pounds. For leak-test applications, the sample ges is allowed to diffuse across 2 membrzane into
a stream of carrier gas which flows through a detector cell. Apparently, the membrane serves to
reduce 1nfluz of atmospheric oxygen which is electron capturing as well as to contain the particular
carrier gas which is required to maintain high sensitivity.

The ECD would probably show satisfactory results at downwind ranges up to 75 m in open
terrain. In wooded terrain or using 2 detectors to reduce dependence on wind direction, a range of
30 m seems practical. Physical prorerties should approach asize of 200 in.* a weight of 2.5 1b,
with a power requirement of 3 w. Unit costs should not exceed $600 on 1000-unit production basis.
Development costs are estimated at $4M over a 4-yr period.

Kryptonate detector

Kryptonates are solids into which the radioisotope Krypton-85 has been incorporated. Radio-
active krypion released upon dis.urbance of the surface layer forms the basis for methods of trace
gas analysis. Specificity for a given type of gas is obtained by careful selection of the substrate
solid.

e+ o
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TS comrent ¥s comenly beior ersiared far asrdiestion tp 2PiysSs of exhewst pofleizats,. Pro-
tocype syaens Brre been develkoped for EXrogen ardes, cxbor mororide, z=d Exdrocxbees. Con-
secuentiy, there §s poteoeial for wsisg e tecirdare fior gererslmroose veideie &sterticon, 22 fer
gEsoRiEe yeineie deterticn. Dtection Hmks sre z3med to be 2 prm far EXrozz=n axes, 2> pom
for cxbor mrecxre, 3 15 pom o Erfroemhos.  Avkorrd thete sepsRiviies ave myrziel for
B2 = vetcle &tecilan, t2ere 3s room for Inproremest throgsh socropizste develonmest efforis.
© esizz the avpteete éetectar (BD) szmpie 2% is drenm tirones 2 el coizintzy the ryptoncte
Material. Tie raficactive Bopton relezeead by ciemics] reacticn exters the ges sirezm wiics then
passes tiroegs 2 cosxisy cirnibes ety 2 radistion seeser. The ouinat of this seosar s o
portioezl to e cooressraiin off € trest comsraest i3 the seopde 25,

The KD wih fxproved secestivRy ooeld show good pedformzace 23 r2ezes of 75 & in opea temsia
223 30 = ia wooded temeia.  Use of 2 detectars shouid par=se detectior. 22 30 = independent of wing
Grecticn. & is proeceed thes tEis t3pe of dxtecior woeld be oboes 200 2.7 ia size, weich 25
=d reqeire 4 w B3 powes. Ui costs shozld pot excced $1600 ar 2 1000-=xi besis. Developmes
costs woedd proocbly be $5M orer 2 457 pediod.

Thernal cosductivity detecior
Assiher coocept which may be spiteble for dotaction ef gzenline nozered sehicles is the therm2?

condnetivity detecior (ACD). Sech devices are Ia co==0 use B gas clzomaztozreph zo2lyiical in-
stre=ents. In noee2l operetips, 2 cexisr g2s, usually belins or hydrozen, passes over refereace

znd detector sensor elements which ezy be either paired Lot {ilaments or thermistors zivenged in

2 bridge-¢cireuit. The tecperztore of the seaser elements is determ=inad by the rzte of bezt loss by
coxdnetion thronsh the carrier g2s. The wesence of 2 sz=ple coz=posent chzozes the thermel cox-
éuctivity of the g2s pessing thionsh the datector side of the cell. This is reflected in 2 change of
sensor element temperatrre capesing 2n electricel outpet from the bridge circuit.

For detection of gzsoline exheusts, atmospherie 2ir would be pumped through 2 thermistor-typs
TCD cell. The presence of bydrogen gzs in the atmosphere from gasoline vehicles should be de-
tectable at levels of 10 ppm. This approzach has been used in simple devices commercially avail-
able {or detection of belium leaks. For exhausts, detection ranges up to 30 @ in 21l typesof temrain
indeperdent of wind direction shoulG be possible. Physical characteristics and umit-cost considera-
tions would generally be quite favorable in comparison with other types of chemical sensors. Size
is estimated at 100 in.?, weight 0.5 Ib, with 2 power requirement of 2 w. Unit costs based on 1000-
unit production are estimated at $250 with development costs at S3M over a 3-yr period.

Flime ionization detector

One of the most sensitive methods for detection of organic compounds is the flame ionization
detector (FID). Thisdevice is commonly used in gas chromatographic instruments and in hydro-
carbon monitors for pollution measurements. The detector consists of a small hydrogen flame burn-
ing in an excess of air. Sample air is mixed with the hydrogen fuel gas prior to entering the burner
housing, Hydrocarbons in the sample air are oxidized to carbon dioxide but charged fragments are
formed as intermediate reaction products. These ionic fragments are collected on suitably arranged
electrodes which produce a current proportional to the amount of hydrocarbons entering the flame
per unit time.

A hydrocarbon analyzer was used during field tests. This instrument responded preferentially
to exhaust from gasoline vehicles. Although performance was generally poor, this is thought to
have been due to malfunction problems of the pasticular detector. It should be possible to obtain
good detector performance for gasoline vehicles at ranges up to 100 m in open terrain and 30 m in
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woodad temeo, Use of 2 deteciors should parmst detection £ 1o 30 = Bxdeperdessy of wind &eo-
then. A FID sinedd bz 250 20) 2.° ia size, 3 1 ia weizlt, 233 beve 2 power reqrivemess of 23o=t
3 w. Bairsted costs per ezt 2ve $1000 co 2 100302 poodection besis.  Devslonmess costs ame
estEmated 23 $SM over 2 £-57 period.

Fizne photometric detectx

ke desiza of 2 fizme phctoretric dztectar (FPD) is simtler Ia mzay respecis totkas of 2
fizze ienizalicn detectar. However, I3 this czse, feed air 20 the szzple flow throezh 2 berrer jet
250 2 Bydrogea-sich siposphere witich prodaores 2 redecizz flzze.  Comporads congzining splfar
mdergo electromic trensfiamztices wieh resth & the essission of Iighs 23 wavelrogies specific
foe tke preseore of seHor. This exission is thea detecied esing 2 phcto=nliiplier tehe, the elac-
triczl oxipet of wicch is relzted to the z=oet of s rese=t in the se=ple afr. These édatecicors
=te commacnly vsed iz bath g2s ciwasziozrpiic instremeatation 2nd suler sonitors availzble for
poll=tion sivdies.

A solfer oenlie wesused doxing fi=1d tests. Diesel vadicles were preferentiaily detected
wii Getection reoze lizited 1o 2bot 35 2. By I=mwrovesments in detecior desizn 2nd operzticnal
cheractevistics, it ericiht be possible i6 etect diesel vehicles up to 100 @ in open tesrain 2nd 30 B
in wooded tesrz2in. Detection 2t 20 m shotld be obtainzble independent of wind direction vsing 2
Setecioes. Size is estizoted 21 200 in?, weight 21 2 1b 2nd power reguitesent 21 3 w.  Unit costs
zre estimezted 2t $1500 for 1000-mnit production. Development costs zre estimeted 2t S5l over 2
£-57 paricd.

Cherical Sensors for Vehicle Classification

Consideration of availzble information indicates a reasonzble potential for employing chemical
sensors to classify diesel znd gasoline powered vehicles. Although a2dditional study is required
on the feasibility of classification even at this level, 2 goal of 90% detection and J0% comrect
classification seems attainable. This could be accomplished by use of a chem?cal classifier sys-
tem coasistiag of either two simple sensors, each sensitive to 2 different exhaust component, or a
more complex chemical instrument capable of simultaneously monitoring more than one type of ex-
haust chemical.

Following the approach based on use of two simple sensors, many combinations of detectors
peviously described are possible (Table XII). In certain cases, one seunsor would detect either
particulate matter, nitrogen oxides, or carbon dioxide in response to all types of vehicles [indicated
by (V)]. The other sensor could respond to sulfur to indicate that the vehicle detected was diesel
[indicated by (V/D)}, or to carbon monoxide, hydrocarbons, or hydrogen to indicate that the vehicle
was gasoline powered [indicated by (V/G)]. In other combinations, one sensor would respend prefer-
entially to diesel exhaust while the other would indicate gascline vehicles [indicated by (D/G)]. In
ocder to decide which combination of chemical sensors showed the most immediate promise, a pre-
liminary trade-off determination was made with the result that combinations which included sensors
with characteristics most suitable for use as vehicle detectors should also be given first priority
at this time for consideration in development of a vehicle classifier. These selected sensor com-
binations as well as other types of chemical concepts applicable to vehicle classificaiion are de-
scribed below.
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Dxal Hoseywel! iomization classifier

The Honeywell ionization detector (HID) currently used is selectively responsive to two types
of chemical agents with a demonstrated high sensitivity, The characteristics of the HID in rela-
tion to vehicle detection were described previously. There is potential for configuring this sensor
to be specific for either nitrogen oxides, sulfur, or organic hydrocarbon exhaust components. Thus,
the instrument could potentially be used to be responsive to all vehicles and diesel (V/D), or gas-
oline vehicles (V/G), or to respond either to gasoline or. diesel vehicles (D/G). Feasibility studies
must be conducted to determine which approach would show the best performance. Although there
is a risk involved that selectivity for one or more of the various exhaust components could not be
developed the availability of several optlons in configuration increases the probability of success.

‘The HID -used as a classifier shouldishow the same performance characteristics as when used
as a detector. Projected ranges for downwind detection are 150 m and 50 m in open and wooded
terrain, respectively. By using 2 classifiers, a 50-m range should be possible independent of wind
direction. Projected physical charezteristics are 300 in.’ in size, 3 1b in weight, and a power re-
quirement of 5 w. Unit costs should not exceed $750 for 1000-unit production. The development
cost is estimated at $4.5M over a 4-yr period.

Condensation nuclei/Honeywell ionization classifier

Both of the sensors in this combination have been described for use as detectors. The CND
shows no selectivity to gasoline or diesel powered vehicles. The HID shows potential for modifi-
cation for selectivity to sulfur indicative of diesel vehicles and for orga-ic hydrocarbons indicative
of gasoline vehicles. Thus, potential exists for using a combined CN/HI classifier to determine
whether a vehicle detected is gasoline (V/G) or diesel (V/D) powered. Further study is required
to evaluate the merit of this approach but the avaxlablhty of two options for configuring the HID
increases the probability of success.

The HID would limit the range of this type of classifier. Projected downwind detection ranges
are 150 m and 50 m in open and wooded terrain, respectively, with a 50-m range independent of wind
direction when using 2 sensor systems. The classifier would be about 275 in.? in volume, require
4 w power, and weigh about 5 1b. Unit costs are estimated at $1000 for 1000-unit production. De-
velopment costs are estimated at S6M over a 4-yr period.

Honeywell ionization/surface adsorption classifier

Both the Honeywell ionization (HID) and the swface adsorption detectors (SAD) have been
described for application to vehicle detection. The HID has also been described for use as a
classifier alone or in combination with the condensation nuclei detector,

In conjunction with the SAD, the HID could be used in a configuration with sensitivity to ni-
trogen oxides indicated for all vehicles, sulfur compounds selective for diesel vehicles, or organic
hydrocarbons for preference to gasolinz powered vehicles.

There are a number of ways in which these two sensors could be combined as a classifier.
The HID sensitive to aitrogen oxides in combination with a SAD which responds to carhon menoxide
plus hydrocarbons would indicate whether a detected vehicle was gasoline powered (V/G). The
same distinction, V/G, could be made using a SAD responsive to carbon dioxide and a HID selec-
tive for organic hydrocarbons. Use of a SAD sensitive to carbon dioxide and a HID selective for
sulfur would permit evaluation if a detected vehicle were diesel powered (V/D). Cc..uination of a
sulfur sensitive HID and a carbon monoxide plus hydrocarbon sensitive SAD would allow direct re-
sponse to both diesel and gasoline vehicles (D/G). The proper configuration tc use depends on re-
sults of studies required to evaluate response characteristics of both the HID and SAD to diesel
and gasolire exhaust emissions. As in the case of other detectors, the availability of several op-
tions for configuration reduces the risk in development of a classifier of this type.
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The range of a HID/SAD classifier would likely be limited by the SAD component. Projected
range both downwind and independent of wind direction using 2 classifier systeéms would be about
30'm, ‘The HID/SAD classifier-should be about 200 in.* in volume, 2.5'1b in weight and have a
power requireinent of 5'w. Unit costs are estimated at $700 for 1000-unit production, Development
costs over a 4-yr-period are estimated at $5.5M.

Condensation nuclei/surface adsorption classifier

The condensation nuclei detector (CND) responds to particulate matter present in the exhaust
of both gasoline and diesel vehicles. Combination of the CND with a surface adsorption detector
(SAD) responsive to carbon monoxzide plus hydrocarbons would allow determination that a detected
vehicle was gasoline powered (V/G). The range of this classifier would be limited by the SAD.
However, reliahility of detection at short range would be high¢. The range of the CND/SAD combina-
tion would probably nct exceed 30 m, regardless of terrain characteristics. With 2 systems, classi-
fication range would probably be up to 30 m independent of wind direction. The combined CND/SAD
classifier would have a volume of 75 in.?, weigh 2.5 1b, and have a power requirement of 4 w. Unit
fzosts should not exceed $500. Estimated development costs are $5M over a 3.5-yr period.

Dual surface adsorption classifier

The operation of a surface adsorption sensor was described in the section on chemical detec-
tors. Use of the SAD where oxidation/reduction reactions occur seems to be.the most promising
approach for vehicle detection. Combining one sensor of this type that is responsive to all vehicles
due to reduction of carbon dioxide from exhausts with another sensor that oxidizes carbon monoxide
and hydrocarbons emitted by gasoline powered vehicles, would result in a classifier that would
determine if a vehicle detected is gasoline powered (V/G).

This approach involves a considerable risk, because in field tests the carbon monoxide/hydro-
carbon SAD showed poor performance, and because a carbon dioxide sensitive device is not currently
commercially available., Also, detection range would likely be limited to 30 m whether downwind
or independent of wind direction using 2 such classifiers. However, this type of classifier seems
worth considering since it would have the most desirable physical characteristics and a cost ad-
vantage over other chemical classifiers. In terms of size, it would occupy a volume less than 10
in.}, weigh about 0.2 lb, and have a power requirement of 3 w. Unit costs are estimated at $150 for
1000-unit production. Development costs are estimated at $4M over a 3-yr period.

Flame ionization/flame phoiometric classifier

Flame ionization detectors (FID) and flame photometric detectors (FPD) were discussed pre-
viously for application to detection of hydrocarbon and sulfur emissions from gasoline and diesel
powered vehicles, respectively. Both techniques require combustion of the characteristic exhaust
component in a flane, Although a different detector configuration is required for performance opti-
mization, the possibility exists that sufficient sensitivity could be obtained utilizing a common
burner. Using this system, response of the FID would be preferential for gasoline vehicles while
FPD response we 114 indicate detection of & diesel vehicle (D/G). Correct classification probability
could possibly be increased by use of relative response of both detectors to a given vehicle. The
sensitivity of the FID could be increased to gasoline vehicle by catalytic conversion of carbon
monoxide predominately present in gasoline exhaust 1o methane,

Range cf the FID/FPD classifier would likely be limited by the FID, Although the particular
hydrocarbon analyzer containing a FID used duwing field tests performed poorly due to malfunction
problems, it is projected that a FID/FPD classifier could have a useful range of 100 m in open
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terrain and 30 m in wooded terfain. Range independent of wind direction using two classifiers
would probably be limited to 30 m. The size of the FID/FPD classifier could be reduced to 200 in.?
with a power requirement of 3 w and a weight of 51b. Unit cost for production of 1000-units is
estimated at $2000. Development costs over a 4-yr period would likely approach $7M.

UV-correlation classifier

The correlation spectrometer (CS) has been tested as a remote sensor for use in vehicle detec-
tion*iina passive mode which is independent of wind direction and does not require pumping of
sample air through the system. The principle of detection is based upon the absorption of ultra-
violet radiation by exhaust components. For vehicle classification, both nitrogen dioxide and sul-
fur dioxide can be monitored simultaneously on a continuous basis. A separate photomultiplier tube
is used for each gas with signals independently processed. At night an artificial light source must
be provided. However, during the day only natural illumination is required. In the absence of a
vehicle emissions, the background signals depend on the nature of the light source as well as en-
vironmental factors which alter spectrdlcharacteristics. The absorption of energy by vehicle
emission components causes an abnormal response which for nitrogan dioxide can be interpreted as
a detection. The presence of sulfur dioxide should indicate whether the vehicle is diesel powered
(V/D).

Performance of the model tested was very marginal for vehicle detection although the feasi-
bility of this concept was demonstrated. An increase in sensitivity of at least a factor of 10 seemed
required for practical application. This increase in performance is claimed to be technically feasi-
ble. Detection ranges probably up to 150 m would be possible in open terrain after a suitable de-
velopment effort. Range in wooded terrain would be limited by vegetation density.

The prototype unit tested for daytime use occupied a volume of 2160 in.*, weighed 88 1b and
had a power requirement of 10-18 w. A substantial improvement in physical characteristics should
be possible with estimated reduction in size to 400 in.*, weight to 5 1b, and power requirements to
5 w. Current models; cost $10,000 to $12,000 depending on the number of gases to be monitored.
For production quantities, unit costs of $3000 seem reasonable, Development costs of $8M over
a period of 6 years would be required considering the state of the art.

UV-derivative classifier

This sensnr concept is based on the absorption of ultraviolet radiation by nitrogen oxide and
sulfur dioxide components of exhausts. This type of classifier would indicate that a detected
vehicle is diesel powered (V/D). The UV-derivative spectrometer (DS) measures the curvature of
absorption peaks specifit for these compounds as sample air is drawn through the irtiument. The
DS is highly specific and sensitive, with detection limits in the 5-10 ppb range which should make
a classifier useful at downwind ranges up to 103 m in open terrain and 30 m in wooded terrain. By
use of 2 clagsifier systems. ranges up to 50 m independent of wind direction should be possible.
Size is estimated at 400 in.® .’ith a weight of 5 1b, and a 10 w power requirement. Current models
cost 35000 to $12,000 depending on configuration. On a production basis, costs for a classifier

could be reduced as low as $3000. Development costs are estimated at $36M over .+ period of 5 years.

Mass spectrometer clagsifier

The mass spectrometer (MS) is a complex instrument originally developed fo: . tudy of funda-
mental physical chemical processes which has in recent years been extensively u:.1lized mn the
analytical chemistry field. Emphasis is now being placed on development of miuiciurized versions

* p.S. Army Land Warfare Laboratory (1971) Spectrometer sensors investigation, Technic.l Repert No.
LWL-CR-05670.
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of the MS for NASA applications and for use in pollutant monitoring problems. Apphcanon of the

‘MS to trace gas, detectmn for military purposes is under mvestlganon. Major state-of-the-art ad-

vances are reqmred befote this type. of sensor could.be used in a portable, remote mode but the MS
is the type of equipment requn'ed before detailed classification of vehicles could.be possible by
tfrace gas analysis.

There are a number of types of MS, but the general operational characteristics are-Similar for
those potentially useful for trace gas detection. The sample is introduced using one of several
techniques into a system that is maintained under high vacuum. Use of semipermeable membranes
through which componentscof iritérest can selectively diffuse is gaining in popularity as an approach

Lfor continuous sampling of air. The sample molecules then pass through a region where fragmenta-

tion is induced, commonly by electron bombardment. The charged ionic fragments, each with a
specific mass, are next directed through an electric field and/or a magnetic secto ‘o a detector where
a response is recorded. By controlled variation of the magnetic field strength, the icuic fragments
sequentially reach the detector in order of mass to charge ratio (m/e). The resultingnass spectrum
or time output in terms of signal intensity versus m/e is characteristic for each individual com-
pound. For a complex mixture of volatile compounds, such as represented by vehicle exh.ust, the
mass spectrum is difficult to interpret in terms of individual components. However, this degree of
complexity is what could make the MS useful for classification of vehicles which operate on the
same type of fuel since gross composition of exhaust does not appear to vary in a manner which
would allow classification at this level using simple detectors. The application of this concept
remains to be evaluated for vehicle classification. The approach to take seems to be pattern
analysis of a sufficiently large number of signature mass spectra to be of statistical significance.
Equipment is currently available which is suitable for this type of feasibility study.

At this stage it seems premature to speculate on performance characteristics of a MS classifier.
However, sensitivity is quite good, so downwind detection ranges in open terrain of 100 m and 30 m
in wooded terrain seem reasonable. Using 2 classifiers, 30-m ranges independent of wind direc-
tion should be expected. A size of 2 ft*, weight of 50 1b, and a power requirement of 40 w could
well represent physical characteristics. These characteristics are determined primarily by the re-
quirement for maintaining a vacuum rather than by other components of the system. Commercial,
low resolution laboratory MS equipment can now be purchased for $5000 per unit. Development
costs could be as high 4s $10M. Probably a development period of at least 5-8 years would be
required.

Plasma chromatograph classifier

The plasma chromatograph (PC) is a relatively newly developed instrument with high sensi-
tivity which can be used for the analysis of trace chemicals in air. The instrument can operate at
atmospheric pressure which is a distinct advantage in comparison with the mass spectrometer
whick requires a high vacuum, In the simplest mode of operation, air is passed through a chamber
containing a small nickel-83 radioactive source which emits low energy electrons. Normal com-
ponents of the air are ionized to form pnsitive and negative charged reactants. The presence of
impurities or sample components in the sample air results in the formation of a stable, charged
ion-molecule pair. The ion-molecule complexes then enter an electrical field region where separa.
tion of the various types of complexes based on mass occurs due to differences in mobility. The
complexes «rrive at a detector,at different times, which is a function of mass. The intensity-time
display has been termed a plasmagram,

The PC has undergone some evaluation for use as a military trace gas detector. Some tests
have been run on use of the instrument as a vehicle detector. Detections were made probably as
the result of organometalli. complexes in exhaust, No information is available on the use of the
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PC for vehicle classification. In its present stage of developmesg, the PC is primarily 2 labora-
tory instroment for use as a research tool. Coremt Costs range from $20K ‘to $25K per mit. A com-
siderable amount of study and development would be required to configure the PC for remote use in
vehicle surveillance. Although the PC seems beyond the immediate scope of REMBASS applica-
tions, this 1em would seem to merit consideration for future application.

TRADE-OFF DETERMINATION

In previc1s sections oa results of field tests, laboratory studies, and evaluation of chemical
sensor concepts, information Las been developed on operating principles, projected performance,
physxcal propetties, and development costs/time parameters for individual types of chemical sen-

mwdmzecmpmmmmmwﬁemﬂymemmdmlymsmgmhes
for REMBASS apphcanons Chemical detectors are considered separately from chemical classi:
fiors.

Chenical Detectors

A general-purpoce vehicle detector should respond to both gascline and diesel vehicles. Fof
this reason only those detectors,.potentially sensitive to particulates, nitrogen oxides, ard carbon
dioxide were included in the following trade-off determination. The flame ionization detector, which
is sensitive only to hydrocarbons present in gasoline exhaust, and the.flame photometric detector,
which responds to sulfur in diesel exhausts, were eliminated for this reason. The thermal con-
ductivity detector for analysis of hydrogen was also not considered since it is likely to be prefer-
ential for gasolme vehicles.

Projected performance I

Projected performance parameters of the seven selected technical approaches are summarized
in Table XIII. The risk indicated reflects a judgment of the amount of uncertainty that a given
sensor can be configured to respond with a 90% detection probability to all vehicles at the detec-
tion ranges indicated. The various detectors are then ranked by consideration of performance and
risk factors.

The condensation nuclei detector (CND) has demonstrated range supeﬁor to that of all other
sensors. It is known to be responsive to particulate matter indicative of all vehicles. Due to
relatively high performance and low risk, it is ranked one. The second ranked, alternative detec-
tor is the chelmlummesr'ence detector (CID). The range given has not been proven in field tests
0 a medium risk has been assigned. However, the CID does respond specifically to nitrogen oxides.
In contrast, the Honeywell ionization detector (HID) 1s rated third even though range is projected
to be the same as that for the CID. This distinction is made because the HID must be configured
to respond to nitrogen oxides which 1nvolves a higher risk than for the CID.

The next three detectors are projected to have lower but similar detection ranges. Of these,
the infrared absorption detector (IAD) has the least risk since it 18 known to respond to carbon
dioxide given off by all vehicles. Here, the risk is in uncertainty in performance rather than in the
the concept. The kryptonate detector (KD) has never been tested for vehicle detection but 1s being
developed specifically for exhaust component momtoring. A high risk 18 involved since a sub-
stantial increase 1n sensitivity to nitrogen oxides of the existing prototype model must be developed
before the concept would be useful. The electron capture deiector (ECD) has not been demonstrated
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nor is 3 model that is certain to be seasitive t0 nitropes oxides available for testing. In this case
Ingh risk involves the validity of the concegt as well as mcestzinty in pafarmance. The swface
adsorption detector (SAD) is ranked l1ast in the other alternatives for goneral-purpose detection.
Although the technology exists, 2 SAD sessitive to carboa dioxide has et to be assembied and
evaluated in the field. In addition, the SAD projected range is Jower tham that for the other detector
concepts.

Prejected physical pepesties

Projected physical propesties of the chemical detectors are givea in Table XIV. These
characteristics are givea in terms of size, weight, power, 2ad environsental restraints. With re-
gard 1o temperatwre, extreme temperatnres are likely to increase power requirements. Abough most
of the detectors could be designed to withstand sormal temperatre extremes under stable condi-
state of the x* is illustrated by the nearest example of a given technical approach. The other re-
quirements colnmn indicates characteristics which could casse special logistical problems or limit
the perod of unattended use. The risk reflects uncertainty that the nearest example could be further
developed into a detector with stated physical characteristics.

The SAD clearly would have superior physical properties in all respects. The low risk is
assigned because similar types of SAD not sensitive to carbon dioxide with these characteristics
are comercially available. Even though the CND is carrently limited to operation at above
freezing tenperatures, it is rated second because of lower size and power requirements in compari-
son with the other remaining detectors. Since the CND has already undetgone some development
for military purposes, the uncertainty in stated parameters is low. The third choice HID is placed
over the fourth choice ECD because of a lower risk, ccupled with the ECD requirement for a special
gas for operation. The remaining three detectors have similar characteristics. However, the IAD
is placed fifth due to a somewhat lower risk. The KD is favored over the CID which requires oxygen
gas for operation. Both the KD and CID are cons.dered high risk items in comparison with the other
alternative approaches.

Projected development time and costs

Development time and cost considerations are summarized in Table XV. In determining unit
costs, an estimate based on experience in development of chemical agent detector systems coupled
with available information on costs of current detectors was first made for production of 1000
units. To be consistent with USAMERDC estimates for higher production volumes of other detector
concepts, costsfor 10,000, 25,000, and 100,000 units were prorated at about 76, 68, and 60% of
unit cost for 1000-unit production. Risk 1s a value judgment based on the uncertainty in unit and

deveiopment costs, and time. In comparing detectors, unit cost was considered more important
than development costs.

The development time and costs are similar for the CND, HID, and SAD. The nisk invelved mn
each of these cases 1s low. The SAD is ranked number one over the CND followed by the HID,
hased primarily on projected unit costs. The ECD 1s rated fourth in comparisor with the HID nue
i~ & Ligher risk 1p conjunction with mcher development costs and a longer development perioa., A
inudinm risk 1s also associated wath the temaming CID, I1AD, and KD «lternatives, which have
ngner but sumiar development t:me and cost requirements. The IRD, KD, and CID are ranked five,
six and seven, iespectively, based on unit ccsts.
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Table XV. Projected dovelopuent tine and cests of chemical detectars.

_Development (low,
Coests Time Cest besed en these guaniities Prodoction  med,
Tochumical spproach (W) () 1000 10,500 25000 109,080 schedule high) Rask

Cendensation 3 3 300 230 25 180 9 mos ARO* L 2
ascla (CWD)

Honeywell 35 3 600 400 430 260 9 mos ARO L 3

Surface adsorption 3 3 100 77 68
(3AD)

Chewmilumisescen-e S5 4 2,000 1,510 1,360
o«

Infiared absorption 5 4 1,500 1,150 1,015
(1AD)

Electron capture 4 4 600 550 400
(ECD)

Kryptonase 5 4 1600 1150 1015
&D)

9 mos ARO L 1

9 mos ARO M 7

9 mos ARO M 5

9 mos ARO M 4

§ ¢ 8 B

9 mos ARO M 6

*After receipt of order.

Trade-off rasking

The individual rankings of the detectors based on performance, physical properties, and de-
velopment parameters are summarized in Table XV1. In additionr, an overall risk ranking is assigned
which reflects the uncertainty that a detector with stated characteristics and performance could be
developed for the time and costs given. In establishing the overall rating for the various technical
approaches, primary consideration was given to performance, unit costs, development time and
costs, and overali risk. Physical characteristics were normally considered only when they were of
extreme 3ignificance, or when comparing two approaches with otherwise similar characteristics.

The CND is rated one in comparison with other detectors, based on distinctly superior perfor-
mance, moderate costs, and low risk. The SAD israted second despite the fact that this detector
is projected to have the lowest detection range and a medium risk. This placement was made
primarily on the basis of lowest unit costs coupled with the recognition that the SAD would have
physical characteristics which most nearly meet REMBASS requirements. The HID, which is rated
third, is characterized by moderate performance, development characteristics, and physical properties
at medium risk. It was also taken into consideration, as discussed later, that this particular de-
tector shows potential for use in vehicle classification. The CID was placed fourth. In this case,
high risk, and high development and unit cost factors are partially offset by projected performance.
The IAD, ECD, and KD are difficult to rate since generally unfavorable characteristics dominate
each case. Of these, the IAD was placed fifth since 1t should exhibit the highest performance at
the lowest risk. The ECD is favored over the KD primarily due to cost considerations,
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Tabie XVL. Trade-ONf rasling of chenmical detoctiors.

Physical Develspment Overal] risk
Yechmical sppevechk  Puformmce puwpwmtios time sad comt  (low, med, bigh) Overall sating

" densatic: 3 2 2 L 1
mmclei (CWD)

Honeywell 3 3 3 M 3
Sufasce adecrption 7 1 1 N 2
(SAD)

Chemilumisesceace 2 7 7 H 4
(GD)

Infrased sheosption 4 S 5 | S
aAD)

Electron captare ¢ 4 4 H 6
(ECD)

Kryptomate 5 6 8 H 7
(D)

Chemical Classifiers

Vehicle classification using chemical sensors can only be evaluated at this time at the level
of discriminating between diesel and gasoline powered vehicles. For this purpose, combination of
two sensors each specific for a different exhaust component seems to be the most promising approach
to development of a classifier, all factors considered. Some of the classifier concepts described
previously were eliminated from the trade-off determination based on a preliminary evaluation. Most
of the remaining concepts involve sensors which individually show potential for a vehicle detec-
tor. One exception to this is the flame ionization/flame photometric classifier. Although neither
of these sensors would respond as a general-purpose detector, combination of the two is useful for
classification since theflame ionization detector is sensitive to gasoline exhaust while the flame
photometric detector indicates diesel exhaust. Another exception is the mass spectrometer. This
sensor is not competitive with the other concepts at the classification level under consideration.
However, the mass spectrometer should remain under consideration since it would be a leading
contender in future attempts to classify vehicles at a more detailed level.

Projected performance

Projected performance data for the various technical approaches are given in Table XVII.
Risk indicates uncertainty in the technical approach as well as the projected range. The highest
rating was given to the CND/HID classifier. Detection should be reliable based on CND performance.
However, there is a moderate :isk since the HID must still be configured to be specific for either
gasoline or diesel vehicles. The HID combination was ranked second even though range equal to
the CND/H'% 1s expected. This rating was made based on a higher uncertainty in total reliance on

the HID concept.
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] VENICLE DETECTION/CLASSIFICATION USING CRENICAL SENSORS

The third altersative based on range is the FID/FPD. Is this case, the medinm risk reflects
mcertainty in performauce range sisce both detoctors have boem included in field tests, and are
known 10 show prefereece for gasoline and diesel vehicles, respectively. The fomtk rasked NS
has act sadevgone any testicz. However, the concept is balieved o be feasibie baged on results
of laboratory stedies oa molecuiar 2nalytis of exhanst gases supported by other information. Racge
s projecied to be the same 2s for the FID/FPD classification but 2 higher risk is iavolved for the
M5 clussifier. In naking this ratisg 8o consideration is given to the possibility taat the NS could
classily vehicles in more detail thas would be possible using the other teck-ical approaches. The
caase the respomse of both detectors is kmown, aad detection reliability is high dee to the CND;
it is rated as the fifth altersative. The HID/SAD is placed above the seventh ranked SAD primarily
on the basis of risk. Although the r.3k is high in both cases, the odds favor the HID/SAD due to
the larger number of detector respomnse cotions availaole for configuration as a classifier.

Projected physical prepestics

Projected physical properties for each type of classifier are given in Table XVII. The dual
SAD classifier would clearly be superior to all other alternative approaches in terms of pbysical
properties alone. The CND/SAD device ranks second primarily on the basis of size even though
operation is cuwrently limited to above-freezing temperatures. The third ranked HID/SAD classifier
would be almost three times as large. In both cases, addition of the simple SAD should allow for
ease in design and configuration for development. Except for power requirements, the physical
properties are essentially the same as those for the CND and HID alone. The larger dual HID is
selected as the fourth alternative. In comparison to the fifth-place CND/HID, it is composed &f
common uits which will reduce problems of training and maintenance as well as permit ease of
development. The curient HID is already coufigured in a dual mode for detection of chemical
agents. It can also be used over a wider temperature range. The FID/FPD classifier was ranked
below other concepts with less desirable characteristics since a higher tisk is involved. Special
fuel gas is required which is an additional complicating factor. In operation, a flame must be
maintained in producing a response although the FID and FPD could possibly have a common burner
jet. The various parameters for the MS classifier are quite speculative so a high risk is involved.
The values given for the MS are clearly not competitive with those of the other concepts.

Projected developmeat time and costs

Projected estimated development time and cost are shown in Table XIX. Unit costs per 1000
units are estimated based on experience with costs for chemical agent detectors coupled with in-
formation available an costs for current models of individual representative detectors. Costs for
500-unit production are assumed to be the same as for 1000-unit quantities. To be consistent with
USAMERDC estimates of cost reduction for larger orders, unit costs for 10,000-and 25,000-unit
production were assumed to be 76% and 68% of unit costs for production of 1000 units. Risk indi-
cates the degree in uncertainty in development for the time and costs stated.

The dual SAD classifier has a distinct unit cost advantage over all other concepts, and a lower
development cost, Consequently, this alternative is ranked over the CND/SAD alternative even
though a higher risk is involved. However, the CND/SAD has lower production and unit costs at
a lower risk than the third-place HID/SAD unit. The dual HID and CND/HID are ordered consecu-
tively in lower priority because of increasing unit costs. The sixth ranked FID/FPD classifier
has higher unit and production costs, and a longer development time. The MS classifier ranked last
has the highest costs and longest development time coupled with a high nisk.
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VEBICLE DETECTION/CLASSIFICATION USING CHEMIC AL SENSORS

Tabie XIX. Projocted dovelspment time aad costs of chomical classifiers.

Risk
Deveicpment (low,
Costs Time Cost besed oa these quastities Production med,
Techaicsl approach () () 500 1,000 10,000 25,000 schedule high) Rank
Cengeasstion anclei/ 8 4 1,000 1,000 760 680 9mos ARO* N 5
Honeywell jonization
{QD/HID)
Dust Hosovwell ionization 45 4 750 50 70 510 9 mos ARD o 4
detecwr (fID)
Homeywell jonization/ 55 4 700 700 530 475 9 mos ARO M 3
susface adsorption
(HID/SAD)
Condensation nuclei/ 5 3.5 S00 500 380 340 9mos ARO L 2
surface adsorption
(CND/SAD)
Dual surface adsorption 4 3 200 200 152 138 9 mos ARO M 1
(SAD)
Flame ionization/Tlame 7 4 2,000 2,000 1,520 1,90 9 mos ARO M 8
photometric (FID/FPD)
Mass spectrometer (MS) 10 58 5000 5,000 3£00 3,4 9mos ARC H 7
*After receipt of order.
Trade-off ranking

The ratings for each technical approach in terms of performance, development time and costs,
and physical properties are summarized in Table XX. In addition, an overall risk factor is assigned
to indicate the uncertainty that an item with stated performance and physical characteristics could

be developed for the time and cost given.

The dual HID classifier is ranked as the best technical approach. This classifier shows good
performance at medium costs and a medium risk. The second ranked CND/HID has a higher per-
formance rating but is more expensive and has less desirable physical characteristics. The third-
choice dual SAD classifier is rated the lowest of all alternatives in terms or performance. However,
this disadvantage is countered by significantly lower costs and much more desirable physical
characteristics in comparison with the other approaches, The fourth ranked CND/SAD unit shows
low performance but is generally desirable in terms of costs, phy.ical properties, and overall risk.
The HID/SAD classifier has lower performance, higher costs, and poorer physical characteristics
at a higher risk than the CND/SAD alternative. The FID/FPD classifier is ranked third in terms
of performance but has been assigned to sixth place due to generally unfavorable characteristics

in other respects. The lasi ranked mass spectrometer classifier is a high-risk item. It has an

anticipated moderate performance but also has the least favorable development and physical pro-

perty characteristics.

G atn,

o B e e bmar s aiemae e S &

¢ et ctmesicbREY

it

FABI A« atomme e LT TR AT At e M T . ST 1



VERICLE DETECTION/CLASSIFICATION USING CHEMICAL SENSORS 57
E ;
Table XX. Trade-OIf raaking of chemical classifiers.
Trade-Off ranking
Phbysical  Time aad Overall risk
Technical approach Performance  properties cost (low, med, high) Overall rating

Condensation nuclei/ 1 5 5 M 2

Honeywell ionization

(CND/HID)
Dual Honeywell ionization 2 4 4 M 1

(HID)
Honeywell ionization/ (] 3 3 M 5

surface adsorption

(HID/SAD)
Condensation nuclei/ 5 2 2 L 4

surface adsorption

(CND/SAD)
Dual surface adsorption 7 1 1 M 3 ;

(SAD) :
Flame ionization/flame 3 6 6 M 6

photometric (Y1D/FPD)
‘ Mass spectrometer (MS) 4 i 7 H 7

0 T Al i

PR




