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TRANSPORT AND PRECONCENTRATION 
OF 

EXPLOSIVES VAPORS BY L I Q U I D  SAMPLING MODULES 

D.P. Lucero 
I I T  Research I n s t i t u t e  

Lanham, Maryland 20706 
USA 

AND 

E.M. Boncyk* 
U.S. Army Belvoi r  RDLE Center  

F o r t  Belvoi r ,  V i r g i n i a  22060-5606 
USA 

ABSTRACT 

For most explos ives  vapor d e t e c t i o n  s c e n a r i o s ,  t h e  lower 

d e t e c t i o n  l i m i t  (LDL) requirements  a r e  a t  p a r t - p e r - t r i l l i o n  ( p p t )  

c o n c e n t r a t i o n  l e v e l s .  Fur ther  s e n s i t i v i t y  c o n s t r a i n t s  are imposed 

on t h e  d e t e c t o r  modules by a t t e n d a n t  sampling d i l u t i o n  and i n e f -  

f i c i e n t  t r a n s p o r t  of explos ives  vapor molecules  through t h e  de tec-  

t i o n  system sample t r a i n .  

p r e c o n c e n t r a t i o n  f a c t o r s  ( =  100,000) can be achieved sirnulta- 

neously by u s i n g  a l i q u i d  sampling module, compris ing a wet ted-  

wall  column i n  t h e  sample t r a i n .  L iquid  sampling modules a r e  

E f f i c i e n t  t r a n s p o r t  and l a r g e  

i n t e r f a c e d  most e f f e c t i v e l y  t o  wet-chemical d e t e c t o r s .  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 roms, 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 concentration. 

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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SAMPLE BLEED I TO DETECTOR A- CALIBRATOR 

FIGURE 1 - VAPOR DETECTION 
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c e n t r a t i o n ,  c a l i b r a t i o n  of the  system i s  

w i t h  a n  a i r  s t ream c o n t a i n i n g  s t a b l e  and 

l e v e l s  of t h e  a n a l y t e  molecules. The ca 

by t h e  c a l i b r a t o r  (F igure  1). 

The use  of a l i q u i d  sampling module 

per  formed p e r i o d i c a l l y  

known c o n c e n t r a t i o n  

i b r a t i o n  gas  is s u p p l i e d  

i n  an e x p l o s i v e s  detec-  

t i o n  system is  confined p r i m a r i l y  as an appendage t o  the  sample 

t r a i n .  For explos ives  d e t e c t i o n ]  i t  is used (1) promote e f f i c i e n t  

sample t r a n s p o r t ,  ( 2 )  preconcent ra te  the  sample , and (3 )  i n t e r f a c e  

w i t h  a wet-chemical d e t e c t o r .  Genera l ly  wet-chemical d e t e c t o r s  do 

not  possess  t h e  s e n s i t i v i t y  l i m i t s  t h a t  gas  phase d e t e c t o r s  

possess .  However, i n  a system u s i n g  a sample t r a i n  w i t h  a l i q u i d  

sampling module promoting 100% e f f i c i e n t  sample t r a n s p o r t  and pre- 

c o n c e n t r a t i o n  f a c t o r s  near  100,000, t h e  system compares favorably  

w i t h  gas  phase vapor d e t e c r i o n  systems for s p e c i f i c  a p p l i c a t i o n s .  

The e f E i c i e n t  t r a n s p o r t  and l a r g e  p r e c o n c e n t r a t i o n  f a c t o r s  

ob ta ined  wi th  a l i q u i d  sampling module a f f e c t s  a wet-chemical 

system v e r y  favorably.  However, t h i s  performance does n o t  provide  

r e l i e f  nor s i g n i f i c a n t  des ign  t rade-of f  margin from t h e  u s e r  

requi rements  and corresponding performance s p e c i f i c a t i o n s .  

A l l  d e s i g n  a s p e c t s  of  any system a r e  c o n s t r a i n e d  by t h e  

d e t e c t i o n  a p p l i c a t i o n  and t h e  cor responding  u s e r  requi rements .  

The r e l a t i v e  importance of each module t o  the  system and i t s  func- 

t i o n a l  c h a r a c t e r i s t i c s  a r e  e s t a b l i s h e d  by t h e  u s e r  requi rements ,  

t h e  performance s p e c i f i c a t i o n s  of each module, and s p e c i f i c  

c h a r a c t e r i s t i c s  of t h e  a n a l y t e  molecules. Table  1 Lists t h e  b a s i c  
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user requirements o t  

three applications: 1 

Process 

an explosives vapor detection system for 

ng - item and personnel examination at a pro- 
cessing station, e.g., controlled and limited access 

areas. 

Searching - area search and examination for detection 
and location of hidden explosives. 

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

tation terminals. 

The user requirements of Table 1 establish the corresponding 

explosives vapor detection system performance specifications1 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.1 

Examination of Tables 1 and 2 illustrates the extraordinary 

The relatively low performance demands on the detection system. 

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 concentration 

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.3-5 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. 

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 

The 

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 

commerc ially.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: 70.001 
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parts per trillion(ppt1. 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: 

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. 

Figure 2.) 

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 

it transports the 

(See 

The network downstream of the junction tee for the 
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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  temperature^^*^ 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. In addition, the par- 

ticulate filter should be relocated in-line between the junction 

tee and the flometer. 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 transport 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. 

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. 

Designing 
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SAMPLE PRECONCENTRATION 

Over the past several years, designers of explcjsives vapor 

detection systems have introduced significant changes to the func- 

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. 

provide a sample concentrated or amplified in the analyte species 

within range of the detector module response limits or LDL con- 

Thus sample preconcentration will 

centration. For example, a sample train with a preconcentrator 

permits a detector with a I-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 

pr econcentrat ion factor : 
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P f  = 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 i s  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,1° although some engineering 

efforts have been devoted to developing continuous adsorption- 

desorption preconcentrators.ll 

centrator module serves a dual function: preconcentration and 

elimination or reduction of interfering atmospheric substances 

such as oxygen, water vapor, comman air pollutants, etc., which 

may generate spurious detector signals or interfere with the 

signal mechanism. 

In many cases, the gas con- 

Briefly, discontinuous preconcentration is characterized by 

the operation of adsorption cartridges or surface elements. 
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Sample a i r  is passed through the  c a r t r i d g e  a t  r e l a t i v e l y  high flow 

rates.  The explos ives  vapor molecules are adsorbed v i t h  an e f f i -  

c iency  dependent upon the  c a r t r i d g e  geometry, dimensions,  and 

sample a i r  flow rate and dwell  time i n  the  c a r t r i d g e .  

Subsequent ly ,  t h e  c a r t r i d g e  is s e a l e d  and hea ted  to an e l e v a t e d  

temperature  t o  desorb  the  explos ives  vapor molecules  and y e t  no t  

decompose them. This  a c t i o n  is followed by removal of t h e  molecu- 

les from t h e  c a r t r i d g e  by a purge gas  t h a t  flows through t h e  pre- 

c o n c e n t r a t o r  a t  a lower r a t e  f o r  a r e l a t i v e l y  s h o r t  time. 

The p r e c o n c e n t r a t i o n  f a c t o r  of d i scont inuous  sampling precon- 

c e n t r a t o r s  is d e s c r i b e d  as a f u n c t i o n  of i ts  o p e r a t i n g  parameters :  

Q i  = sample gas  f l o v  r a t e  i n t o  the  p t e c o n c e n t r a t o r ,  

l /min;  

Qo = purge gas  flow rate o u t  of t h e  p r e c o n c e n t r a t o r ,  

l/min; 

( A t ) i  = sampling time increment ,  min; 

( A t ) ,  = purge time increment ,  min; 

n i  - p r e c o n c e n t r a t o r  a d s o r p t i o n  e f f i c i e n c y ,  dimen- 

s i o n l e s s ;  and 

Oo - p r e c o n c e n t r a t o r  d e s o r p t i o n  and sample removal e f f i -  

c i e n c y ,  dimensionless .  

Continuous p r e c o n c e n t r a t o r s  are t y p i f i e d  c u r r e n t l y  by a 

r o t a t i n g  adsorb ing  s u r f a c e  m a t r i x  a t t a c h e d  t o  b e l t s ,  wheels ,  
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e t c . l l  

s l o t s  a d j a c e n t  t o  the  adsorb ing  e lements ,  which can  be l o o s e l y  

woven b e l t s  or s c r e e n s  coa ted  wi th  an adsorb ing  f i lm.12 

t h e  a d s o r p t i o n  mat r ix  passes  the  sample a i r  s l o t ,  i t  is  heated 

q u i c k l y  by e l e c t r i c a l ,  r a d i a t i v e ,  or c o n v e c t i v e  means t o  desorb  

R e l a t i v e l y  l a r g e  volumes of slow moving a i r  p a s s  through 

A f t e r  

t h e  explos ives  vapor molecules. Almost s i m u l t a n e o u s l y ,  as t h e  

adsorbing s u r f a c e  passes  a s l o t  through which purge gas  f lows,  t h e  

purge gas flows through the  s u r f a c e  m a t r i x  and t r a n s p o r t s  t h e  

vapor molecules downstream t o  t h e  d e t e c t o r .  

f a c t o r  f o r  a continuoutr sampling p r e c o n c e n t r a t o r  i s  d e s c r i b e d  as a 

The p r e c o n c e n t r a t i o n  

func t ion  o f  i t s  o p e r a t i n g  parameters :  

Pf [ Q i / Q o I (  fli'b) ( 3 )  

A c u r s o r y  examinat ion of equat ions  ( 2 )  and (3) r e v e a l s  t h a t  

f o r  a 100% e f f i c i e n t  p r o c e s s ,  P f  i s  a f u n c t i o n  d i r e c t l y  of t h e  

p r e c o n c e n t r a t o r  f low r a t e  r a t i o  (Qi/Qo). 

purge gas  f low rates, e.g., Q i  = 100 l /min  and Qo = 0.1 l /min,  

p r e c o n c e n t r a t i o n  f a c t o r s  near  1000 can be achieved.  However, i t  

is  not  s imple t o  p e r c e i v e  such h igh  l e v e l s  f o r  b o t h  n i  and no. The 

geometry, c o n f i g u r a t i o n ,  and dimensions of a c a r t r i d g e  to  achieve  

h igh  n i  and are a t  cross-purposes  f o r  such a d i s p a r i t y  i n  Qi 

and Qo. Thus, it appears  t h a t  t h e  b e s t  compromise i n  t h e  

c a r t r i d g e  d e s i g n  and o p e r a t i o n  is  t h a t  which y i e l d s  "i = no = 0.5, 

and f o r  t h i s  case, a maximum Pf = 250 would be obta ined .  

b a s i s  of l i m i t e d  exper ience ,  i t  appears  t h a t  l a r g e  precon- 

c e n t r a t i o n  f a c t o r s  (Pf>250) a r e  not a t t a i n a b l e  i n  a s i n g l e  

A t  h i g h  sample and low 

On t h e  
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adsorptionldesorption stage. However, gains in Pf can be achieved 

by increasing ( At)i 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 Pf have not been reported 

as defined by equations (11, (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. 

these preconcentrators 'is that of miscibility of explosives vapor 

molecules in the. liquid medium. 

lize the relatively large preconcentration factors available from 

The primary constraint on 

In addition, to obtain and uti- 

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 

489 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
9
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



o p e r a t e  on the  p r i n c i p l e s  of wetted-wall column gas e x t r a c t i o n ,  

Spincon i s  an i n t e r m i t t e n t  or  ba tch  sampler ;  BezeTrog o p e r a t e s  on 

a cont inuous b a s i s .  

A wetted-wall  column gas  e x t r a c t o r  or  p r e c o n c e n t r a t o r  is a 

mass exchange d e v i c e  t h a t  removes s p e c i f i c  molecules from a gas 

s t ream and d e p o s i t s  them i n  s o l u t i o n ,  i n  a l i q u i d  f i l m  stream. 

Gas flows through t h e  c o r e  of t h e  column whi le  the l i q u i d  flows as 

an annular  f i l m  a t t a c h e d  t o  t h e  column's i n s i d e  sur face .  Film 

flow i s  promoted mainly by t h e  aerodynamic d r a g  f o r c e s  a r i s i n g  

from t h e  gas  stream s h e a r i n g  a c t i o n  on t h e  l i q u i d  f i l m  a t  t h e  

l iqu id-gas  i n t e r f a c e .  In t h e  p r o c e s s ,  a t h i n  laminar  boundary 

l a y e r  of gas is formed at  t h e  l i q u i d - g a s  i n t e r f a c e .  The d i f -  

f u s i o n a l  t r a n s p o r t  of gas molecules  through t h e  gas  boundary t o  

t h e  l i q u i d  f i l m  i s  t h e  r a t e - l i m i t i n g  s t e p  of the  mass exchange 

process .  As the  sample molecules  t r a v e r s e  t h e  boundary l a y e r ,  

they a r e  absorbed i n t o  s o l u t i o n  by t h e  l i q u i d  f i lm.  High s o l u b i l -  

i t y  ensures  t h a t  t h e  sample hold ing  c a p a c i t y  of t h e  l i q u i d  f i l m  

i s  l a r g e ,  which l e a d s  t o  r e l a t i v e l y  high exchange e f f i c i e n c i e s ,  

and,  e q u a l l y  impor tan t ,  does  not  l i m i t  t h e  p r e c o n c e n t r a t i o n  

a c t i o n .  Xass exchange e f f i c i e n c y  i s  determined by t h e  column 

dimensions,  gas t r a n s p o r t  and thermodynamic p r o p e r t i e s ,  gas  velo-  

c i t y ,  and more s p e c i f i c a l l y ,  molecular  d i f f u s i o n  and mass t r a n s f e r  

c o e f f i c i e n t s  of t h e  sample gas  molecules ,  TNT. 

The p r e c o n c e n t r a t i o n  f a c t o r  of t h e  Spincon sample processor  

i s  descr ibed  by t h e  e x p r e s s i o n  
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Q g  = gas f l o v  r a t e ,  ml/min; 

(At)  = gas  sampling time increment ,  min; 

V 1  = l i q u i d  sample volume obta ined  from the column, m l ;  

and 

rls = Spincon TNT mass exchange or  c o l l e c t i o n  e f f i c i e n c y ,  

dimens i o n l e s s .  

The preconcent ra t ion  f a c t o r  of the  BezeTrog sample processor  is 

'IB = BezeTrog TNT mass exchange or c o l l e c t i o n  e f f i c i e n c y ,  

d imens ionless ,  and 

Q1 = l i q u i d  flow r a t e ,  ml/min. 

I t  i s  apparent  t h a t  t h e  Spincon and BezeTrog sample p r o c e s s o r s  a r e  

i d e n t i c a l  i n  concept  bu t  d e p a r t  i n  geometry, c o n f i g u r a t i o n ,  and 

o p e r a t i n g  modes. The mass exchange e f f i c i e n c y  of each i s  depen- 

d e n t  f u n c t i o n a l l y  on i d e n t i c a l  parameters .  For the  Spincon sample 

p r o c e s s o r ,  t h e  mass exchange e f f i c i e n c y  is15 

S = column length ,  cm; 

k, = TNT mass t r a n s f e r  c o e f f i c i e n t  of the  gas boundary 

l a y e r ,  4 s ;  
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Vg = average gas velocity in the column, cm/s; 

Dt column diameter, cm; and 

Di = 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. Di in equation (6)  reflects this condition. 

For the BezeTrog sample processor, the mass exchange effi- 

ciency is16 

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). 

namic properties--flow rate, velocity, and thickness--are absent. 

The effect of changes in the liquid film parameters on gas 

exchange efficiency is usual y negligible for most conditions 

sustaining film flow. 

Further examination shows that the liquid film hydrody- 

The Spincon preconcentrator system comprises a wetted-wall 

column liquid water sampling module or sample processor and its 
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a t t e n d a n t  hydraul ic  and pneumatic networks. F igure  3 i l l u s t r a t e s  

t h e  Spincon system schemat ica l ly .  The f u n c t i o n a l  c e n t e r  of t h e  

s y s t e m  i s  the  sample processor .  A l l  o ther  subsystems and modules 

a c t  t o  support  i t s  o p e r a t i o n .  Sample a i r  e n t e r s  t h e  sample proc- 

e s s o r  where i t  immediately encounters  the l i q u i d  water  f i l m ,  and 

t h e  TNT vapor molecule c o l l e c t i o n  process  begins .  Upon emerging 

from t h e  sample p r o c e s s o r ,  the  a i r  sample s t ream flows through t h e  

l i q u i d  water  t r a p  t o  the  sample gas  flow r a t e  c o n t r o l  network and 

is  vented from t h e  system. Because of m i s t  c a r r y o v e r  i n  t h e  

sample a i r  stream, a l i q u i d  water t rap  i s  r e q u i r e d  t o  p r e v e n t  

l i q u i d  water  from i n t e r f e r i n g  wi th  t h e  downstream gas flow r a t e  

c o n t r o l  and monitor ing components. The flow rate c o n t r o l  network 

comprises  a flow r a t e ,  a flow adjustment  v a l v e ,  and a vacuum 

blower. Liquid water, is suppl ied  t o  the sample p r o c e s s o r  from a 

r e s e r v o i r  through a l i q u i d  pump as shown by Figure  3. A t  t h e  end 

of  t h e  a i r  sampling p r o c e s s ,  t h e  l i q u i d  water  remaining i n  t h e  

sample processor  is t r a n s p o r t e d  by the  l i q u i d  sample pump t o  t h e  

d e t e c t o r .  

Note t h a t  the  sample processor  is  an end- l ine  d e v i c e  in t h e  

sample t r a i n ,  i . e . ,  t h e  a i r  sample e n t e r s  t h e  sample t r a i n  through 

t h e  sample processor  d i r e c t l y .  There a r e  no i n t e r m e d i a t e  com- 

ponents ,  tub ing  segments o r  f i t t i n g ,  or any o t h e r  i n t e r f a c e s  pre- 

s e n t .  Only t h e  l i q u i d  f i l m  is  p r e s e n t  as an adsorb ing  s u r f a c e .  

For t h e s e  c o n d i t i o n s ,  t h e r e  are no TNT vapor l o s s e s  t o  s u r f a c e s  i n  

e n t e r i n g  or t r a v e r s i n g  the  sample processor .  Subsequent ly  a l l  
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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 100% 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 2 

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 m l  of liquid water by the liquid pump. 

is turned on, 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-l/min sampling rate, 

the air velocity in the slit is 7180 cm/s and the Reynolds number 

is 8700. These aerodynamic conditions are conducive t o  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- 

The vacuum blower 
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essor d i s s o l v e d  i n  t h e  m i s t  p a r t i c l e s .  Within t h e  sample proc- 

e s s o r ,  t h e  aerodynamic c o n d i t i o n s  cont inue  t o  promote l i q u i d  f low 

on t h e  column wal l  i n  an upward c i r c u m f e r e n t i a l  d i r e c t i o n ,  i.e., 

h e l i c a l .  Assuming t h a t  t h e  bulk of the  a i r  sample a l s o  flows i n  

a n  upward c i r c u m f e r e n t i a l  fash ion  and i n  a 1.3-cm annular  gap, t h e  

a i r  v e l o c i t y  is  520 cm/s and t h e  Reynolds number is 6720. The TNT 

mass t r a n s f e r  c o e f f i c i e n t  (b) of  equat ion  (6 )  a t  t h e s e  c o n d i t i o n s  

and f o r  a TNT molecular  d i f f u s i o n  c o e f f i c i e n t  of 0.043 cm2/s is  

0.98cm/s.16 

p r o c e s s o r  c o l l e c t i o n  e f f i c i e n c y  is  37% a t  t h e  o p e r a t i n g  c o n d i t i o n  

d e s c r i b e d  above. 

It is e s t i m a t e d  by equat ion  (6) t h a t  t h e  TNT sample 

Experiments were performed with t h e  Spincon sample processor  

The r e s u l t s  show ns t o  measure i t s  TNT c o l l e c t i o n  e f f ic iency .13  

was c l o s e  t o  t h a t  e s t i m a t e d  a t  t h e  lower sample processor  a i r  flow 

rates  ( 100 l /min)  and near  52% a t  l a r g e r  flow rates ( 1 5 0  

l /min) .  It is suggested t h a t  t h e  h igher  ns measured i n d i c a t e s  

t h a t  a second mass t r a n s p o r t  process  is  a c t i n g  w i t h i n  t h e  sample 

processor .  A s  mentioned previous ly ,  l i q u i d  water  en t ra inment  a t  

t h e  sample p r o c e s s o r  e n t r a n c e  s l i t  can form m i s t  p a r t i c l e s ,  which 

themselves  c o l l e c t  and d i s s o l v e  TNT vapor molecules. Because it 

is probable  t h a t  some f r a c t i o n  of  t h e  m i s t  popula t ion  formed is  

d e p o s i t e d  subsequent ly  on t h e  l i q u i d  water  f i l m ,  t h e  o v e r a l l  

e f f e c t  is  t o  i n c r e a s e  t h e  apparent  Spincon TNT c o l l e c t i o n  e f f i -  

c iency .  It is probable  t h a t  t h e  e f f e c t  can be reversed  i f  a 

l a r g e r  f r a c t i o n  of  TNT is c o l l e c t e d  by the  m i s t  than  by t h e  l i q u i d  
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f i l m  o r  i f  a smaller f r a c t i o n  of t h e  m i s t  popula t ion  is d e p o s i t e d  

on t h e  l i q u i d  f i lm.  Because TNT vapor molecules  may be c o l l e c t e d  

by t h e  l i q u i d  f i l m  and m i s t  p a r t i c l e s ,  i t  is prudent  t o  not  ex t rap-  

o l a t e  TNT c o l l e c t i o n  e f f i c i e n c y  d a t a  beyond t h e  sample a i r  €Low 

r a t e s  of t h e  experiments .  

T h i s  o b s e r v a t i o n  s u g g e s t s  t h a t  a spray  or mist form of  l i q u i d  

water  is  more e f f i c i e n t  i n  c o l l e c t i n g  vapor molecules  than a 

l i q u i d  water f i l m  of  e q u a l  mass. This  o b s e r v a t i o n  seems reason- 

a b l e  s o l e l y  due to  t h e  l a r g e r  s u r f a c e  a r e a  developed by t h e  m i s t .  

An engineer ing  a n a l y s i s  shows t h a t  o t h e r  e f f e c t s  work a t  c r o s s  

purposes .  For example, a l a r g e r  charge of  l i q u i d  water is 

r e q u i r e d  t o  make up fo r  i n c r e a s e d  m i s t  c a r r y o v e r  i n t o  t h e  exhaust .  

T h i s  d i l u t i o n  e f f e c t  is  s i g n i f i c a n t  and can  negate  t h e  i n c r e a s e d  

vapor c o l l e c t i o n  e f f i c i e n c y  of  t h e  m i s t .  

A t  t h e  end of t h e  a i r  sampling p e r i o d ,  t h e  vacuum i n  t h e  

sample gas  flow rate c o n t r o l  network is  s h u t  down, t h e  a i r f l o w  

c e a s e s ,  and t h e  l i q u i d  water f i l m  c o l l a p s e s  t o  the bottom of  t h e  

c y l i n d e r .  Subsequent ly ,  t h e  l i q u i d  water c o n t a i n i n g  t h e  e x t r a c t e d  

TNT is t r a n s p o r t e d  by t h e  a c t i o n  of  t h e  l i q u i d  sample pump t o  t h e  

d e t e c t o r  f o r  a n a l y s i s .  When 2 ml of l i q u i d  water  sample is  

obta ined  a t  t h e  end of a 5-min sampling p e r i o d ,  t h e  exper imenta l  

Spincon p r e c o n c e n t r a t i o n  f a c t o r  is  2 x 105 .13 

i c a n t  preconcent  ra t i o n  f a c t o r .  

~t is  a very  s i g n i f -  

BEZETROG 

The BezeTrog p r e c o n c e n t r a t i o n  system a l s o  comprises a wetted- 

wall  column l i q u i d  sampling module or sample processor  and i t s  
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attendant hydraulic and pneumatic networks. figure 5 illustrates 

the BezeTrog system schematicalry. It is very similar to the 

Spincon system: 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 comprising 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 rample processor is 

an end-line device in the sample train and promotes a sample 

transport function at near 100% 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 LID ratio (LID = 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 assembly16 through which 

the fluid streams flow to the ample gas flow rate control network 

and the sample liquid pump rhown in Figure 6. 

Aerodynamic conditions conducive to forming and maintaining 

liquid film flow are attained at a 150-l/min sample air flow rate. 
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These  c o n d i t i o n s  a r e  1980 cm/s a i r  v e l o c i t y  and 17,100 Reynolds 

number. The TNT mass t r a n s f e r  c o e f f i c i e n t  (h) o f  e q u a t i o n  ( 7 )  a t  

t h e s e  c o n d i t i o n s  f o r  a TNT m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t  o f  

0.043 cm2/s is 3.09 cm/s. 

t h e  TNT c o l l e c t i o n  e f f i c i e n c y  o f  t h e  BezeTrog l i q u i d  sampl ing  

module i s  90X a t  t h e  o p e r a t i n g  c o n d i t i o n s  l i s t e d  above. 

I t  is e s t i m a t e d  by e q u a t i o n  ( 7 )  t h a t  

Some e x p e r i m e n t a l  d a t a  a r e  a v a i l a b l e  r e l a t i v e  t o  t h e  BezeTrog 

sample p r o c e s s o r  c o l l e c t i o n  e f f i c i e n c y . 1 7  The e x p e r i m e n t s  

were performed w i t h  t r i b u t y l a m i n e  v a p o r  a t  a p p r o x i m a t e l y  23-ppb 

c o n c e n t r a t i o n  l e v e l s  i n  a i r .  The t r i b u t y l a m i n e  was c o l l e c t e d  w i t h  

a n  a p p a r e n t  70% c o l l e c t i o n  e f f i c i e n c y .  Because o f  t h e  experimen- 

t a l  c o n d i t i o n s  and equipment  u s e d ,  t h e  measured e f f i c i e n c y  

i n c l u d e d  t h e  p r o d u c t i o n  and t r a n s p o r t  e f f i c i e n c y  o f  a vapor  

g e n e r a t o r  and t h e  gas  mix ing  e f f i c i e n c y  o f  a s i m u l a t e d  i n c i n e r a t o r  

f l u e  used i n  s e r i e s  w i t h  t h e  BezeTrog sample p r o c e s s o r .  It  is 

v e r y  p r o b a b l e  t h a t  t h e  BezeTrog sample p r o c e s s o r  c o l l e c t i o n  e f f i -  

c i e n c y  approaches  t h e  90% l e v e l  d i s c u s s e d  e a r l i e r .  For example,  a 

measured 10% c o l l e c t i o n  e f f i c i e n c y  is o b t a i n e d  when t h e  vapor  

g e n e r a t o r  and s i m u l a t e d  f l u e  e f f i c i e n c i e s  a r e  90% e a c h ,  i . e . ,  t h e  

BezeTrog, vapor  g e n e r a t o r ,  and s i m u l a t e d  f l u e  modules o p e r a t i n g  a t  

90% e f € i c i e n c y  w i l l  y i e l d  an o v e r a l l  o r  measured e f f i c i e n c y  c l o s e  

t o  70%. 

When 2 ml/min of  l i q u i d  water sample is p roduced ,  t h e  e x p e r i -  

m e n t a l  BezeTrog p r e c o n c e n t r a t o r  f a c t o r  i s  6 .7  x lo4. 

v e r y  s i g n i f i c a n t  p r e c o n c e n t r a t i o n  f a c t o r  and i s  e x t r e m e l y  s i g n i f i -  

c a n t  fo r  a c o n t i n u o u s  p r e c o n c e n t r a t o r .  

T h i s  i s  a 
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APPLICATION 

A i r  explos ives  vapor d e t e c t i o n  systems using a g a s / l i q u i d  

phase p r e c o n c e n t r a t o r  or a l i q u i d  sampling module i n  the sample 

t r a i n  a t t a i n  maximum u t i l i t y  f o r  t h e  system using a wet-chemical 

d e t e c t o r .  For systems with gas phase d e t e c t o r s ,  a special-purpose 

i n t e r f a c e  i s  r e q u i r e d  t o  t ranspose t h e  vapor  molecules c o l l e c t e d  

i n  l i q u i d  s o l u t i o n  i n t o  gas s o l u t i o n  w i t h  a minimum loss i n  t h e  

p r e c o n c e n t r a t i o n  l e v e l  achieved. To examine the  most f i t t i n g  

a p p l i c a t i o n  i n  e x p l o s i v e s  vapor d e t e c t i o n ,  t h e  Spincon and 

BezeTrog p r e c o n c e n t r a t o r s '  o p e r a t i n g  parameters  d i scussed  e a r l i e r  

are l i s t e d  i n  Table  3. It is  r e v e a l i n g  t o  compare them t o  t h e  

requirements  and s p e c i f i c a t i o n s  of T a b l e s  1 and 2 f o r  t h e  appl ica-  

t i o n s  l i s t e d .  The performance s p e c i f i c a t i o n s  of t h e  d e t e c t o r  

module need not  be considered t o  make prudent  judgements regard ing  

t h e  u t i l i t y  of Spincon and BezeTrog: t h e  process ing  and examina- 

t i o n  r a t e  requirement  f o r  the  process ing  and s e a r c h i n g  appl ica-  

t i o n s  is s i g n i f i c a n t l y  beyond the  performance of Spincon and 

BezeTrog. On t h e  b a s i s  of 15 examinat ions/min f o r  t h e  process ing  

a p p l i c a t i o n ,  t h e  time rate-of-response of t h e  vapor d e t e c t o r  must 

be l e s s  than  4 s .  For t h e  searching  a p p l i c a t i o n ,  Spincon and 

BezeTrog would r e q u i r e  187 m i n  t o  process  28 m3 

even w i t h  a d e t e c t o r  possess ing  i n s t a n t  response ,  bo th  precon- 

c e n t r a t o r s  in t roduce  untenable  delays.  

of gas .  Thus, 

The monitor ing a p p l i c a t i o n ,  however, i s  amenable. For 

example, c o n s i d e r  a s c e n a r i o  i n  which a b u i l d i n g  or a l a r g e  room 
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is  under cont inuous 24-h e x p l o s i v e s  vapor  s u r v e i l l a n c e .  One 

l i k e l y  sampling l o c a t i o n  is  the  r e t u r n  mani€old of the  a i r  con- 

d i t i o n i n g  d u c t  work, i .e . ,  the manifold lead ing  t o  t h e  blower and 

upstream of t h e  f i l t e r s  and h e a t  exchanger c o i l s  o r  f i n s .  A t  t h i s  

l o c a t i o n ,  t h e  explos ives  vapor c o n c e n t r a t i o n  w i l l  approach 0.001 

ppt  for a TNT source e m i t t i n g  I x 10-9 l /min  of  TNT vapor . l ,5 ,18 

A Spincon preconcent ra tor  o p e r a t i n g  on a 5-min c y c l e  a t  150 

l /min  w i l l  produce a 2-ml l i q u i d  sample wi th  a TNT c o n c e n t r a t i o n  

of  8.9 x moles/ml or 1.9 x g/ml. The BezeTrog pre- 

c o n c e n t r a t o r  o p e r a t i n g  cont inuous ly  a t  150 l/min w i l l  produce a 

2-ml/min l i q u i d  sample w i t h  a TNT c o n c e n t r a t i o n  of 3 x 

moles/ml or 7 x 10-13 g/ml. 

The e x p l o s i v e s  vapor d e t e c t i o n  system or, more a c c u r a t e l y ,  t h e  

TNT vapor d e t e c t i o n  system r e q u i r e s  a d e t e c t o r  module wi th  an LDL n e a r  

0.2 x t o  2.0 x g/ml. A r e c e n t  survey of wet-chemical 

d e t e c t o r ' s  a v a i l a b l e  commercially w i t h  a n  LDL near  t h i s  requirement  

has  not  been performed, Severa l  y e a r s  ago,  t h e  LDL f o r  high per- 

formance l i q u i d  chromatography (HPLC) systems was repor ted  t o  be 

near  t h e  low g/ml o r  4 . 3 9 ~ l O - l ~  mole/ml r a t ~ g e . ~ ~ , ~ ~  On 

t h i s  b a s i s ,  HPLC systems a r e  o u t  of  range by a f a c t o r  of 100 €or  

t h e  Spincon and BezeTrog l i q u i d  sampling modules. 

However, a l i q u i d  chromatographic  system with a TEA ( thermal  

energy a n a l y z e r )  d e t e c t o r  is  r e p o r t e d  t o  d i s p l a y  LDL l e v e l s  near  

5 x g/m1.21 This  d e t e c t i o n  system i n t e r f a c e d  with e i t h e r  

a Spincon or BezeTrog p r e c o n c e n t r a t o r  a p p e a r s  t o  be w i t h i n  range 
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of  t h e  0.001-ppt e x p l o s i v e s  vapor l e v e l  f o r  the  monitor ing a p p l i -  

c a t i o n  of Tables  1 and 2. 

Recent vork on enzymatic bioluminescent  d e t e c t i o n  techniques  

f o r  TNT repor ted  an LDL near  5 x mole/ml o r  1.1 x 

g/m1.22 

enzymatic d e t e c t o r  and a sample t r a i n  wi th  a Spincon o r  BezeTrog 

p r e c o n c e n t r a t o r  subsystem a l s o  approachs t h e  u s e r  requirements  and 

performance s p e c i f i c a t i o n s  f o r  t h e  monitor ing a p p l i c a t i o n  

An e x p l o s i v e s  vapor d e t e c t o r  system compris ing t h i s  

d i s c u s s e d  i n  Tables  1 and 2. The i n t e g r a t i o n  of  t h e s e  modules 

i n t o  an e x p l o s i v e s  vapor d e t e c t o r  e x h i b i t s  s i g n i f i c a n t  promise of  

s u c c e s s  f o r  t h i s  a p p l i c a t i o n ,  and i t  is i n  t h e  e a r l y  s t a g e s  of  

development. To d a t e ,  on ly  experiments  with t h e  breadboard models 

of i n d i v i d u a l  modules have been performed. The modules have not  

been i n t e g r a t e d  i n t o  a breadboard system. 

Although t h e  enzymatic d e t e c t i o n  technique is  l i m i t e d  t o  TNT, 

i t  may be t h a t  o t h e r  b a c t e r i a  can be grown on o t h e r  medium 

e x p l o i t i n g  t h e  methodology developed f o r  TNT.23 

methodology inc luded  a s e a r c h  f o r  TNT- and DNT-specific enzyme 

systems;  t h e  s e a r c h  was conducted on s o i l  microorganisms. 

Microorganisms t h a t  t ransform TNT were i s o l a t e d  from s o i l  samples 

taken from a TNT dump s i t e .  The enzymes r e s p o n s i b l e  f o r  t h e  TNT 

t r a n s f o r m a t i o n  were e x t r a c t e d ,  p a r t i a l l y  p u r i f i e d ,  and charac-  

t e r i z e d  wi th  r e s p e c t  t o  s u i t a b i l i t y  f o r  t h e  proposed d e t e c t o r  

system. The enzyme chosen,  TNT r e d u c t a s e ,  w a s  deemed s u i t a b l e  for  

t h e  d e t e c t o r  system because i t  was s p e c i f i c  f o r  TNT and DNT and 

The TNT 
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could  provide  chemical l inkage  w i t h  l u c i f e r a s e  r e a c t i o n s .  The 

f i n a l  method of d e t e c t i o n  involves  c o u p l i n g  the  TNT-specific 

enzyme r e a c t i o n  wi th  a h ighly  s e n s i t i v e  b io luminescent  r e a c t i o n .  

B a c t e r i a  l i v i n g  on EGDN, DNT, RDX,  and PETN molecules  would pro- 

duce t h e  corresponding enzymes s e n s i t i v e  to  t h e s e  vapors. A mix- 

t u r e  of  the  enzymes may be t h e  b a s i s  o f  a s i n g l e  e x p l o s i v e s  module 

respons ive  t o  t h e s e  explos ives  vapors .  
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