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U.S. Army Belvoir RD&E Center
Fort Belvoir, Virginia 22060-5606
UsA

ABSTRACT

For most explosives vapor detection scenarios, the lower
detection limit (LDL) requirements are at part-per-trillion (ppt)
concentration levels. Further sensitivity constraints are imposed
on the detector modules by attendant sampling dilution and inef-
ficient tranmsport of explosives vapor molecules through the detec-
tion system sample train. Efficient transport and large
preconcentration factors (> 100,000) can be achieved simulta-
neously by using a liquid sampling module, comprising a wetted-
wall column in the sample train, Liquid sampling modules are

interfaced most effectively to wet-chemical detectors. The
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transport and preconcentration processor introduces a 60-s or
longer lag to the overall system time rate-of-response depending
on the preconcentration requirements, Despite the long delay time
of liquid preconcentrators and the relatively slow rate-of-
response time and limited sensitivity of wet~chemical vapor detec-
tors, it appears that their use is feasible for some applications.
For example, those detectors with a liquid transport and precon-
centration sample train can monitor the atmosphere within enclo-
sures such as rooms, buildings, etc. The inlet to the sample can
be located at some convenient and effective point, e.g., in the
main air conditioning or ventilation duct upstream of the blower.

An explosives vapor detection system comprising a liquid
sampling module and a wet-chemical detector and their ancillary
equipment can be an effective device for some applications.
Integration of a liquid sampling module into a system can extend
the LDL of an enzymatic bioluminescent TNT detection technique to
an equivalent 0.001 ppt gas phase concentration., It is
accomplished by the extraordinary sample preparation achieved by a
liquid sampling module in the form of efficient sample transport
and sample concentrationm.

Currently two liquid sampling modules for vapor detection
systems are in development by the U.S. Army. Fort Belvoir is

developing Spincon: a batch~type sampling module for an explo-
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sives detection system employing an enzymatic bioluminescent tech-
nique. The Aberdeen Proving Ground is developing BezeTrog: a
continuous liquid sampling module for the detection of hazardous
waste gas molecules in the flue streams employing a coloriometric
technique.,

A liquid sampling module is used as an end-line device
interfacing directly with the detector. It contributes signifi-
cantly to the detection system's performance in meeting the very
stringent requirements imposed on explosives vapor detection
systems. Although a liquid sampling module fits easily into the
general scheme of a typical vapor detection network its design and

implementation is a major engineering undertaking.

EXPLOSIVES VAPOR DETECTION SYSTEM REQUIREMENTS

The continuous and automatic analysis for vapors in air or
any other similar atmosphere is performed by detection systems
comprising three functional modules: a sample train, a calibra-
tor, and a detector. Figure 1 illustrates the general pneumatic
interfaces for each module and shows the system primary gas flow
network. For a typical case of atmospheric analysis, air enters
the sample train where it is processed to some degree and
transported to the detector. In some applications, only a small
fraction of the total sample train flow rate is transported as a
sample bleed stream to the detector for analysis, To stabilize

and adjust the detector response to the analyte molecule con-
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centration, calibration of the system is performed periodically
with an air stream containing stable and known concentration
levels of the analyte molecules, The calibration gas is supplied
by the calibrator (Figure 1).

The use of a liquid sampling module in an explosives detec-
tion system is confined primarily as an appendage to the sample
train. For explosives detection, it is used (1) promote efficient
sample transport, (2) preconcentrate the sample, and (3) interface
with a wet-chemical detector. Generally wet-chemical detectors do
not possess the sensitivity limits that gas phase detectors
possess. However, in a system using a sample train with a liquid
sampling module promoting 1002 efficient sample transport and pre-
concentration factors near 100,000, the system compares favorably
with gas phase vapor detection systems for specific applications.

The efficient transport and large preconcentration factors
obtained with a liquid sampling module affects a wet-chemical
system very favorably. However, this performance does not provide
relief nor significant design trade-off margin from the user

requirements and corresponding performance specifications,

All design aspects of any system are constrained by the
detection application and the corresponding user requirements,
The relative importance of each module to the system and its func~-
tional characteristics are established by the user requirements,
the performance specifications of each module, and specific

characteristics of the analyte molecules. Table 1 lists the basic

477



"SNOILJWNSSY ONV VIVa INILYILNYLSENS ¥O4 (1) 39NIY343Y 338 (£)
"03YI0ISNGI 10N I8V

SAVIIA WHVTY ANV SINDINHIIL HIUVIS ‘'ONITIAIZY 31403d/WILI "6°9 "SNOILYIITdAY 40 S1IIdSY TVHNA3II0Hd (2)
'$86F AVW ‘££2-222 4 ‘€L "NOILYNIVAI ONY ONILSIL 30 TYNHNOT ..'SW3LSAS

NOILJ3130 HOJVA 3AISOTdX3 HO4 SNGILVONIIDIMS JONVIWHOSHIA ONV SINIWHINDIH ¥3SN,, ‘0HIINT "d'0 Woud (1)

{sAva)

0g 1 0 NOILYHIJO 03DIAHASNA

(SHLNOW)

9 1 9 IVAHILNI FINVYNILINIVIN

J1VH NOILYNIWYX3

SNONNILNOI (NIW/:L4 000L) w8z | (NIW/31403d-WiLI) Si /ONISSII0Hd

: ALITISVE0NHd

DL XG> 500> 01 X 6> WHVIV-3STvd WRWIXYW

ALII8YE0Yd WYYV

»-0LXG> 0L XG> 01X 6> -Q3SSIN WNWIXYIN
NOILYLS DNISSIIOHdD

NOILVNIWYX3 NOILYNIWYX3 wINIWIHINDIH

YNIYOLINOW 3HNSO01INI ONV HIYV3S TANNOSHAd/WILI 1aNOILYDINddY
—ONIYOLINOW| V34V — DNIHOUV3S — DNISS3904Hd

mSINJINIFHINDIY HIASN
W3LSAS NOILI3130d HOJVA SIAISOTdXI— L 314V1

TT0Z AJenuer 9T 60 :¥T I Papeo juwod

478



14:09 16 January 2011

Downl oaded At:

user requirements of an explosives vapor detection system for

three applications:l

o Processing - item and personnel examination at a pro-—
cessing station, e.g., coatrolled and limited access

areas.

o Searching - area search and examination for detection

and location of hidden explosives.

o Moanitoring - enclosure atmospheric monitoring of
explosive vapors, e.g., auditoriums and transpor-

tation terminals.

The user requirements of Table I establish the corresponding
explosives vapor detection system performance apecificationsI that
define and dictate the system design and define and limit the per-
formance trade offs available between the system modules. Table 2
lists the more important explosives vapor detection system perfor-
mance specifications.l

Examination of Tables 1 and 2 illustrates the extraordinary
performance demands on the detection system. The relatively low
false~ and missed-alarm probabilities allowed together with the
rapid processing and examination rate establish a correspondingly
low alarm set point concentration for the detection system.
However, the absolute level of the alarm set point conceatration

can be ascribed more directly to particular characteristics of
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explosives vapor molecules. More specifically, explosives exert
very low vapor pressures2 at or near room temperatures, and the
vapor molecules are highly polar and thus adsorb strongly to all
surfaces.3™> These characteristics result in proportionally low
vapor concentration levels at equilibrium and in low transport
efficiencies in moving the gas sample through the sample train to
the detector. The combination of these characteristics together
with the packaging, location, and rapid detection requirements of
a clandestine explosives cache establish the critical performance
specifications of the detection system: low minimum detectable
concentration and maximum allowable set point concentration, The
maximum allowable false—~ and missed-alarm probabilities together
with the alarm set point concentration establish the detection
system instability limits, i,e., noise and drift and, of equal of
importance, the maximum allowable interferent equivalent response.6

Currently, it appears that the performance specifications of
Table 2 are at or beyond the state-of-the-art for explosives
detection systems and detectors, including electron capture, ion
mobility spectrometer, and mass spectrometer modules available
commercially.7’10

Because the time rate-of-response of wet-chemical vapor
detector systems is relatively slow, its applications in explo-
sives vapor detection are limited to the monitoring applications
described., Although the system may respond slowly, its minimum

detectable concentration specification is relatively low: =0.001
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parts per trillion{ppt). The large preconcentration factor pro-
vided by a sample train using a liquid sampling module permits the
system to detect 0.001 ppt concentration levels as discussed

later,

THE SAMPLE TRAIN

In its simplest and most widespread configuration for manual
or higher concentration level systems(>l part per billion), the
sample train is merely a segment of tubing: it transports the
sample to the detector. More sophisticated configurations include
in-line elements and components that provide the means for automa-
tic field operation, e.g., sampling and calibration for both zero
and span. In addition, other in~line devices are present to moni-
tor or supply information regarding the status of the sample train
operation and to extend its service or maintenance period. (See
Figure 2.) The network downstream of the junction tee for the
sample bleed line provides sample air flow rate control and
adjustment and operating status regarding the pneumatic condition
of the vacuum pump and the system pressure drop. This is essen-
tial information that eases troubleshooting, maintainability, and
serviceability, As configured upstream of the junction tee, the
network described is probably impractical as a sample train for an
explosives vapor detection system. Three in-line components are
present: two solenoid valves and a particulate filter, These com-

ponents usually contain relatively large dead volumes and
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correspondingly large amounts of surface area onto which explo-
sives vapor molecules will adsorb., For practical use of a sample
train of this configuration, special purpose components that mini-
mize the total dead volume and surface area and that can operate
at elevated temperatures3n“ must be used upstream of the sample
bleed line. Automated calibration is in most cases impractical
due to the adsorption on the solenoid valve surfaces. Other means
of automating calibration must be invoked. 1In addition, the par-
ticulate filter should be relocated in-line between the junction
tee and the flowmeter. This change is recommended despite the
fact that more airborne debris will be ingested by the detector.
Adherence to this design approach is prescribed to minimize explo-
sives vapor molecule surface adsorption and to eliminate the
attendant spurious signal characteristics associated with the
inefficient and variably inefficient tramsport of vapor molecules
in the sample train and sample bleed line.

The design of an automated, relatively maintenance-free
sample train for the efficient transport of explosives vapor mole-
cules is a major engineering undertaking for a detection system
operating to the performance specifications of Table 2. Designing
to these constraints severely compromises the simplicity of the
sample train, even though the main function of the sample train is
to provide only efficient sample transport. Introduction of other
functional requirements to the sample train will further constrain

the design options and consequently bestow more complications.
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SAMPLE PRECONCENTRATION

Over the past several years, designers of explosives vapor
detection systems have introduced significant changes to the fuanc-
tion and form of the sample train, It is being transformed from
solely a sample transport module into a transport and sample proc-
essing module. This change is driven by user requirement demands
to augment the detection system's lower detection limit (LDL) and
to ensure the system approaches more closely the performance spe-
cifications of Table 2.

The sample processing is denoted more specifically as sample
pre-concentration, In general terms, it is the action of proc-
essing or transforming a large air volume containing explosives
vapor molecules at low concentrations into a small air or gas
volume containing explosives vapor molecules at proportionally
higher concentration levels, Thus sample preconcentration will
provide a sample concentrated or amplified in the analyte species
within range of the detector module response limits or LDL con-
centration, For example, a sample train with a preconcentrator
permits a detector with a l-ppt LDL to respond to an explosives
vapor air sample at lower concentration levels proportional inver-
sely to the sample train preconcentration factor.

In general terms, the degree of sample concentration or
amplification obtained from a preconcentrator is described by its

preconcentration factor:
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Pg = Co/C3 69

Pf = preconcentration factor, dimensionless;
Co = explosives vapor concentration out of the precon-
centrator, ppt; and
Ci = explosives vapor concentration into the precon-
centrator, ppt.
Equation (1) does not describe the form or the sample train sample
processing action of the preconcentrator. A more descriptive anal-
ytical model of the preconcentration operation is obtained from
an engineering analysis of its operating principles and parameters

and specific preconcentrator configuration.

Gas Phase Preconcentration

Adsorption-desorption action is the operational basis of most
gas phase preconcentrators. Usually it is implemented in a
discontinuous or batch sampling mode,10 although some engineering
efforts have been devoted to developing continuous adsorption-
desorption preconcentrators.11 In many cases, the gas con-
centrator module serves a dual function: preconcentration and
elimination or reduction of interfering atmospheric substances
such as oxygen, water vapor, common air pollutants, etc., which
may generate spurious detector signals or interfere with the
signal mechanism.

Briefly, discontinuous preconcentration is characterized by

the operation of adsorption cartridges or surface elements.
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Sample air is passed through the cartridge at relatively high flow

rates, The explosives vapor molecules are adsorbed with an effi-

ciency dependent upon the cartridge geometry, dimensions, and

sample air flow rate and dwell time in the cartridge.

Subsequently, the cartridge is sealed and heated to an elevated

temperature to desorb the explosives vapor molecules and yet not

decompose them. This action is followed by removal of the molecu-

les from the

concentrator

cartridge by a purge gas that flows through the pre-~

at a lower rate for a relatively short time.

The preconcentration factor of discontinuous sampling precon-

centrators is described as a function of its operating parameters:

Qj

Pe=[ Q; (At);/Qo(At)y Ining (2)

= sample gas flow rate into the preconcentrator,
1/min;

= purge gas flow rate out of the preconcentrator,
1/min;

= gampling time increment, min;

= purge time increment, min;

= preconcentrator adsorption efficiency, dimen-
sionless; and

= preconcentrator desorption and sample removal effi-

ciency, dimensionless.

Continuous preconcentrators are typified currently by a

rotating adsorbing surface matrix attached to belts, wheels,
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etc. 1l Relatively large volumes of slow moving air pass through
slots adjacent to the adsorbing elements, which can be loosely
woven belts or screens coated with an adsorbing film.12  After
the adsorption matrix passes the sample air slot, it is heated
quickly by electrical, radiative, or convective means to desorb
the explosives vapor molecules, Almost simultaneously, as the
adsorbing surface passes a slot through which purge gas flows, the
purge gas flows through the surface matrix and transports the
vapor molecules downstream to the detector. The preconcentration
factor for a continuous sampling preconcentrator is described as a

function of its operating parameters:

Peg= [ Q3/Q51(ning) (3)

A cursory examination of equations (2) and (3) reveals that
for a 100Z efficient process, Pg is a function directly of the
preconcentrator flow rate ratio (Qj/Qy). At high sample and low
purge gas flow rates, e.g., Qi = 100 1/min and Q, = 0.1 1/min,
preconcentration factors near 1000 can be achieved. However, it
is not simple to perceive such high levels for both nj and n,. The
geometry, configuration, and dimensions of a cartridge to achieve
high nj and n, are at cross-purposes for such a disparity in Qj
and Q,. Thus, it appears that the best compromise in the
cartridge design and operation is that which yields N; = N, = 0.5,
and for this case, a maximum P¢ = 250 would be obtained. On the
basis of limited experience, it appears that large precon-

centration factors (Pg>250) are not attainable in a single
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adsorption/desorption stage. However, gains in Py can be achieved
by increasing ( At); in batch preconcentrators with proportional
increases in the detection system response time.

Despite the amount and intensity of work devoted to precon-
centration, quantitative measurements of Pg have not been reported
as defined by equations (1), (2), or (3). Designers and users of

preconcentrators have descried the efficacy of preconcentrators

-only in the before-and-after response of detectors with and

without a preconcentrator in the sample train.

Gas/Liquid Phase Preconcentration

The extraction of explosives vapor molecules from an air
sample stream followed by their solution in a liquid medium is the
basis of gas/liquid preconcentration. Bubblers, spargers, etc.,
used as samplers for subsequent laboratory analysis are the pre-
cursors of gas/liquid preconcentrators. The primary constraint on
these preconcentrators is that of miscibility of explosives vapor
molecules in the' liquid medium. In addition, to obtain and uti-
lize the relatively large preconcentration factors available from
gas/liquid preconcentrators, it is essential that they interface
with wet-chemical detectors. Otherwise another extraction step is
necessary to interface with a gas phase detector.

As mentioned earlier, two gas/liquid preconcentrators are
currently in development for the U.S. Army: the Spincon13 for

Fort Belvoir and BezeTrogl4 for the Edgewood Arsenal. Both
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operate on the principles of wetted-wall column gas extraction,
Spincon is an intermittent or batch sampler; BezeTrog operates on
a continuous basis.

A wetted-wall column gas extractor or preconcentrator is a
mass exchange device that removes specific molecules from a gas
stream and deposits them in solution, in a liquid film stream,

Gas flows through the core of the column while the liquid flows as
an annular film attached to the column's inside surface., Film
flow is promoted mainly by the aerodynamic drag forces arising
from the gas stream shearing action on the liquid film at the
liquid-gas interface. In the process, a thin laminar boundary
layer of gas is formed at the liquid-gas interface. The dif-
fusional transport of gas molecules through the gas boundary to
the liquid film is the rate-limiting step of the mass exchange
process. As the sample molecules traverse the boundary layer,
they are absorbed into solution by the liquid film. High solubil-
ity ensures that the sample holding capacity of the liquid film

is large, which leads to relatively high exchange efficiencies,
and, equally important, does not limit the preconcentration
action. Mass exchange efficiency is determined by the column
dimensions, gas transport and thermodynamic properties, gas velo-
city, and more specifically, molecular diffusion and mass transfer
coefficients of the sample gas molecules, TNT.

The preconcentration factor of the Spincon sample processor

is described by the expression
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Pg = ngQg (8t)/V) (4)

Qg = gas flow rate, ml/min;
(At) = gas sampling time increment, min;
V1 = liquid sample volume obtained from the column, ml;
and
ng = Spincon TNT mass exchange or collection efficiency,

dimensionless.
The preconcentration factor of the BezeTrog sample processor is
Pg = np Qy/Q (5

ng = BezeTrog TNT mass exchange or collection efficiency,
dimensionless, and

Q3 = liquid flow rate, ml/min.

It is apparent that the Spincon and BezeTrog sample processors are
identical in concept but depart in geometry, configuration, and
operating modes. The mass exchange efficiency of each is depen-
dent functionally on identical parameters, For the Spincon sample

processor, the mass exchange efficiency isl5

ng =1 - exp -h kS D¢ (6)
Vg (Dt - Dl )
S = column length, cm;

ky = TNT mass transfer coefficient of the gas boundary

layer, cm/s;
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Vg = average gas velocity in the column, cm/s;
Dy = column diameter, cm; and

D; = semi-stagnant air core diameter, cm.

The airflow within the Spincon sample processor moves in a cir-
cular helical fashion along the column circumference, as described
below. Because of this airflow pattern, a core of semi-stagnant
air or air moving upward at a relatively low velocity exists
within the sample processor. Thus the larger fraction of TNT
transport is from the higher velocity air adjacent to the liquid
film, Dj in equation (6) reflects this condition.

For the BezeTrog sample processor, the mass exchange effi-

ciency islé

-4 8 km (7)
Vg Dy

ng = 1 - exp

Note that equations (6) and (7) contain the gas stream residence
time in the column as a ratio of tube length to gas velocity
(S/Vg). Further examination shows that the liquid film hydrody-
namic properties--flow rate, velocity, and thickness—-are absent,
The effect of changes in the liquid film parameters on gas
exchange efficiency is usually negligible for most conditions
sustaining film flow.

SPINCON

The Spincon preconcentrator system comprises a wetted-wall

column liquid water sampling module or sample processor and its
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attendant hydraulic and pneumatic networks, Figure 3 illustrates
the Spincon system schematically. The functional center of the
system is the sample processor. All other subsystems and modules
act to support its operation. Sample air enters the sample proc-
essor where it immediately encounters the liquid water film, and
the TNT vapor molecule collection process begins. Upon emerging
from the sample processor, the air sample stream flows through the
liquid water trap to the sample gas flow rate control network and
is vented from the system. Because of mist carryover in the
sample air stream, a liquid water trap is required to prevent
liquid water from interfering with the downstream gas flow rate
control and monitoring compounents. The flow rate control network
comprises a flow rate, a flow adjustment valve, and a vacuuam
blower. Liquid water is supplied to the sample processor from a
reservoir through a liquid pump as shown by Figure 3. At the end
of the air sampling process, the liquid water remaining in the
sample processor is transported by the liquid sample pump to the
detector,

Note that the sample processor is an end-line device in the
sample train, i.e., the air sample enters the sample train through
the sample processor directly. There are no intermediate com-
ponents, tubing segments or fitting, or any other interfaces pre-
sent. Only the liquid film is present as an adsorbing surface.
For these conditions, there are no TNT vapor losses to surfaces in

entering or traversing the sample processor., Subsequently all
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sample handling is performed in the liquid phase. Thus the explo-
sives detection system with a Spincon sample preconcentrator per-
forms the sample transport function at near 100Z efficiency.

The sample processor is configured in the form of an upright
circular cylinder with a small length-to-diameter (L/D) ratio (L/D=
1.5) as depicted by Figure 4: L = 7.6 cm, D= 5.1 cm. Its wall
and ends are penetrated by access ports to introduce and remove
liquid water and the sample air stream. A sampling cycle consists
of three steps: liquid water injection, air sampling, and liquid
water sample removal. Initially, the sample processor is charged
with 3 ml of liquid water by the liquid pump. The vacuum blower
is turned om, and air is sampled at 150 l/min for a set time
period. Sample enters the tangential slit shown in Figure 4. The
slit is 38 mm long and 0.9 mm wide. At a 150-1/min sampling rate,
the air velocity in the slit is 7180 c¢m/s and the Reynolds number
is 8700. These aerodynamic conditions are conducive to main-
taining film or annular liquid water flow immediately downstream
of the entrance,16 i.e., the flow is turbulent (Reynolds number =
8700) and the gas velocity is above 500 cm/s. However, some
liquid water is entrained by the air stream in the form of mist
particles at the entrance because of the relatively high gas velo-
city. The water entrainment accounts for the sample processor
water loss over that required to saturate the air stream. Also
there is a reasonable certainty that some fraction of TNT

extracted from the air stream is carried out of the sample proc-
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essor dissolved in the mist particles., Within the sample proc-
essor, the aerodynamic conditions continue to promote liquid flow
on the column wall in an upward circumferential direction, i.e.,
helical. Assuming that the bulk of the air sample also flows in
an upward circumferential fashion and in a l.3-cm annular gap, the
air velocity is 520 cm/s and the Reynolds number is 6720. The TNT
mass transfer coefficient (k,) of equation (6) at these conditions
and for a TNT molecular diffusion coefficient of 0.043 cm2/s is
0.98¢cm/s.16 It is estimated by equation (6) that the TNT sample
processor collection efficiency is 37% at the operating condition
described above.

Experiments were performed with the Spincon sample processor
to measure its TNT collection efficiency.13 The results show ng
was close to that estimated at the lower sample processor air flow
rates (= 100 1/min) and near 52% at larger flow rates (=150
1/min). It is suggested that the higher Ng; measured indicates
that a second mass transport process is acting within the sample
processor. As mentioned previously, liquid water entrainment at
the sample processor entrance slit can form mist particles, which
themselves collect and dissolve TNT vapor molecules. Because it
is probable that some fraction of the mist population formed is
deposited subsequently on the liquid water film, the overall
effect is to increase the apparent Spincon TNT collection effi-
ciency. It is probable that the effect can be reversed if a

larger fraction of TNT is collected by the mist than by the liquid
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film or if a smaller fraction of the mist population is deposited
on the liquid film. Because TNT vapor molecules may be collected
by the liquid film and mist particles, it is prudent to not extrap-—
olate TNT collection efficiency data beyond the sample air flow
rates of the experiments.

This observation suggests that a spray or mist form of liquid
water is more efficient in collecting vapor molecules than a
liquid water film of equal mass. This observation seems reason-
able solely due to the larger surface area developed by the mist.
An engineering analysis shows that other effects work at cross
purposes. For example, a larger charge of liquid water is
required to make up for increased mist carryover into the exhaust.
This dilution effect is significant and can negate the increased
vapor collection efficiency of the mist.

At the end of the air sampling period, the vacuum in the
sample gas flow rate control network is shut down, the airflow
ceases, and the liquid water film collapses to the bottom of the
cylinder. Subsequently, the liquid water containing the extracted
TNT is transported by the action of the liquid sample pump to the
detector for analysis, When 2 ml of liquid water sample is
obtained at the end of a 5-min sampling period, the experimental

Spincon preconcentration factor is 2 x 103 13 1t is a very signif-

icant preconcentration factor.
BEZETROG

The BezeTrog preconcentration system also comprises a wetted-

wall column liquid sampling module or sample processor and its
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attendant hydraulic and pneuwmatic networks. Figure 5 illustrates
the BezeTrog system schematically. It is very similar to the
Spincon gystem: the sample air enters the sample processor where
it encounters immediately the liquid water film, and the TNT mole-
cule collection process begins., At the sample processor exit, a
stream splitter separates the air and liquid into two streams as
shown by Figure 5. The sample air flows to the flow rate control
network comptising components and devices similar to the Spincon
preconcentrator and is vented from the system., Simultaneously the
liquid water sample stream is transported to the detector by the
sample liquid pump.

As with the Spincon system, the BezeTrog sample processor is
an end-line device in the sample train and promotes a sample
transport function at near 1007 efficiency.

The BezeTrog sample processor is the functional center of the
system. It is configured in the form of a coiled tube with a
large L/D ratio (L/D = 360) as depicted by Figure 6: L = 458 cm,
D =1.27 cm. Sample air and liquid water enter the sample proc-
essor through a liquid injector assembly and flow through the
length of the tube. At the tube exit, the liquid and gas stream
are kept separate by the stream splitter assemb1y16 through which
the fluid streams flow to the sample gas flow rate control network
and the sample liquid pump shown in Figure 6.

Aerodynamic conditions conducive to forming and maintaining

liquid film flow are attained at a 150-1/min sample air flow rate.
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These conditions are 1980 cm/s air velocity and 17,100 Reynolds
number. The TNT mass transfer coefficient (ky) of equation (7) at
these conditions for a TNT molecular diffusion coefficient of
0.043 cm2/s is 3.09 cm/s. It is estimated by equation (7) that
the TNT collection efficiency of the BezeTrog liquid sampling
module is 90% at the operating conditions listed above.

Some experimental data are available relative to the BezeTrog
sample processor collection efficiency.l7 The experiments
were performed with tributylamine vapor at approximately 23-ppb
concentration levels in air. The tributylamine was collected with
an apparent 70% collection efficiency. Because of the experimen-
tal conditions and equipment used, the measured efficiency
included the production and transport efficiency of a vapor
generator and the gas mixing efficiency of a simulated incinerator
flue used in series with the BezeTrog sample processor. It is
very probable that the BezeTrog sample processor collection effi-
ciency approaches the 907 level discussed earlier. For examplé, a
measured 70% collection efficiency is obtained when the vapor
generator and simulated flue efficiencies are 90% each, i,e., the
BezeTrog, vapor generator, and simulated flue modules operating at
90% efficiency will yield an overall or measured efficiency close
to 707%.

When 2 ml/min of liquid water sample is produced, the experi-
mental BezeTrog preconcentrator factor is 6.7 x 104, This is a
very significant preconcentration factor and is extremely signifi-

cant for a continuous preconcentrator.
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APPLICATION

Air explosives vapor detection systems using a gas/liquid
phase preconcentrator or a liquid sampling module in the sample
train attain maximum utility for the system using a wet-chemical
detector. For systems with gas phase detectors, a special-purpose
interface is required to transpose the vapor molecules collected
in liquid solution into gas solution with a minimum loss in the
preconcentration level achieved. To examine the most fitting
application in explosives vapor detection, the Spincom and
BezeTrog preconcentrators' operating parameters discussed earlier
are listed in Table 3, It is revealing to compare them to the
requirements and specifications of Tables 1 and 2 for the applica-
tions listed. The performance specifications of the detector
module need not be considered to make prudent judgements regarding
the utility of Spincon and BezeTrog: the processing and examina-
tion rate requirement for the processing and searching applica-
tions is significantly beyond the performance of Spincon and
BezeTrog. On the basis of 15 examinations/min for the processing
application, the time rate-of-response of the vapor detector must
be less than 4 s. For the searching application, Spincon and
BezeTrog would require 187 min to process 28 m3  of gas. Thus,
even with a detector possessing ianstant response, both precon-
centrators introduce untenable delays.

The monitoring application, however, is amenable. For

example, consider a scenario in which a building or a large room
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is under continuous 24-h explosives vapor surveillance. One
likely sampling location is the return manifold of the air con-~
ditioning duct work, i.e., the manifold leading to the blower and
upstream of the filters and heat exchanger coils or fins. At this
location, the explosives vapor concentration will approach 0,001
ppt for a TNT source emitting 1 x 1079 1/min of TNT vapor.l:s’la

A Spincon preconcentrator operating on a 5-min cycle at 150
1/min will produce a 2-ml liquid sample with a TNT concentration
of 8.9 x 10715 moles/ml or 1.9 x 1012 g/ml. The BezeTrog pre-
concentrator operating continuously at 150 1/min will produce a
2-ml/min liquid sample with a TNT concentration of 3 x 10-15
moles/ml or 7 x 10713 g/ml.

The explosives vapor detection system or, more accurately, the

TNT vapor detection system requires a detector module with an LDL near

0.2 x 10712 to 2,0 x 10712 g/ml. A recent survey of wet-chemical
detectors available commercially with an LDL near this requirement
has not been performed, Several years ago, the LDL for high per-
formance liquid chromatography (HPLC) systems was reported to be
near the low 1079 g/ml or 4.39x10712 mole/ml range.19s20 On
this basis, HPLC systems are out of range by a factor of 100 for
the Spincon and BezeTrog liquid sampling modules.

However, a liquid chromatographic system with a TEA (thermal
energy analyzer) detector is reported to display LDL levels near
5 x 10-12 g/ml.21 This detection system interfaced with either

a Spincon or BezeTrog preconcentrator appears to be within range
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of the 0,001-ppt explosives vapor level for the monitoring appli-
cation of Tables 1 and 2.

Recent work on enzymatic bioluminescent detection techniques
for TNT reported an LDL near 5 x 1014 mole/ml or 1.1 x 10-11
g/ml.22 An explosives vapor detector system comprising this
enzymatic detector and a sample train with a Spincon or BezeTrog
preconcentrator subsystem also approachs the user requirements and
performance specifications for the monitoring application
discussed in Tables 1 and 2. The integration of these modules
into an explosives vapor detector exhibits significant promise of
success for this application, and it is in the early stages of
development. To date, only experiments with the breadboard models
of individual modules have been performed. The modules have not
been integrated into a breadboard system.

Although the enzymatic detection technique is limited to TNT,
it may be that other bacteria can be grown on other medium
exploiting the methodology developed for TNT.23  The TNT
methodology included a search for TNT- and DNT-specific enzyme
systems; the search was conducted on soil microorganisms,
Microorganisms that transform TNT were isolated from soil samples
taken from a TNT dump site, The enzymes responsible for the TNT
transformation were extracted, partially purified, and charac-
terized with respect to suitability for the proposed detector
system. The enzyme chosen, TNT reductase, was deemed suitable for

the detector system because it was specific for TNT and DNT and
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could provide chemical linkage with luciferase reactions. The
final method of detection involves coupling the TNT-specific
enzyme reaction with a highly sensitive bioluminescent reaction.
Bacteria living on EGDN, DNT, RDX, and PETN molecules would pro-
duce the corresponding enzymes sensitive to these vapors. A mix-
ture of the enzymes may be the basis of a single explosives module
responsive to these explosives vapors.
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