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! 
/ b Trocer compounds edded to moving 
I air mcsses ore useful for demonstrating 

the transfer of pollutants from one 
local area or city to another. A study 
of gaseous compounds resulted in the 
seredion o f  three suitable material* 1 sulfur hexafluoride, bromotrifluoro- 
methane, and octafluorocyclobutane. I There rnrferials are nodor% ore rare 
in the atmosphere, and can be  readily 
dispersed from weighed tanks con- 
tcining them in liquid form under 
pressure. Good stability was demon- 
strcted in the presence of common 
a'nospheric pollutants and irradiation 
equivalent to sunlight; losses by wash- 
od kith water were negligible. An 
ultrasensitive gas chromatographic pro- 
cedure with an electron-capture de- 

I tector was developed which utilized 
ccrefclly purified carrier gws and 
optimized columns, detectors, and 
opercting porameters. Sensitivity of 

p.p.rn. was achieved for sulfur 
hexa9uoride without concentration of 
tt;e sample. Convenient procedures 
for sornpling and calibration were 
edoblished. The components in air 
con be determined in a single 10- 
minlrte run. 

D I..PER:IOS of p ~ l l l ~ t a n t s  1~ atmos- 
pheric diffusion and t rml~jh~r t  is 

an important funda~nentsl procei~ ths t  
wceivcd considerable theorrtical 

study (_3.6,10, 17). There is a nc-ed for 
inl~~rorcd techniques for experimental 
di-ptrcion measurements. Tracer s e r e  
."c,l* hare bren eml,loyed for such meac 
urernents. Among these are smoke 
~:~unres (S), oil fogs (I), spores (7). dyes 
f-urh as ursnine) (131, antimony oxide 
r'lchich can be drtc,rrninrd with high 
*.I)-itivity by nrutron activation anal- 
Pi.%) (6), snd inorganic fluorc.+cc.nt 11ar- 
t!.lr-. such ai. zinc hilic.atrl.<, zinc rulfides, 
and zinc cadmium sulfide with ~ d d e d  
 ail amounts of activator elements 
(5, 8, I]), Operational considerstions 
rvith aero.wl tracers include the nwd for 
I'ropr dispersion and sampling equip 
men?, posibility of atypical diffusion 
with reference to that  of gaseous pollu- 
tant> or of particulate pollutants'of dif- 
ferent size.distribution~, kossfs by fall- 

out and impaction. n-ashout by rainisu. 
instshilit>- in the atn~osphere (such * 
partid loss of fluorescent acti\lt?- of 
small panicles after exposure to sun- 
light), ststisricd xanlpling errors. m d  
time snd cost of collecting and anal?-zing 
the lsrge number of samples needed 
(5. 111. 

Efforts have been made to ox-ercorne 
some of the.* difficulties by uw oi gs.+ 
OU3 tracers such ss snlnlonia and scliur 
dioxide ill).  radiosctive xenon-133 ( 5 ) .  
difluordichloromethsne (Freon 12: c.!. 

161, snd d i u r  hr\;sfluoride 1;. 1.3. 
Many hslogrnzted crises are p:orn- 
king ss trscer materisk. Some mil?- 
rinsl?-ricd meiiwwmenr.; \\-ere msdenjth 
a modified lislngen lesk detector i16L 
Recently srsil3tiic. gss chron~atoqaphic 
instnmlenrsrion nlskrs possible much 
more prwice and srn~itive anslysis i ;?. 
Rej~c?nse; to a rsriety of compounds, 
many of n-hich sppear suitahle sz trsrer 
msterialr, have h e n  obtninrd by II;P of 
electron-cs;~ture dztcction tcchniilus 
(3) - 

For the pre;itnt study three csndi,fare 
materi:ili w r e  >elected: sulfur fiexs- 
fluoritle, bromotrifluoron~c~thar~c, ylid 
octafluorocyclohutsne. Proi)erties of 
thrse sub~tsncrs  are given in Table 1. 
All are inert. nontosic, colorlr+. d o r -  
leis, ts-relr-i, nonflammable. and non- 
corro-ive g 3 . ~  that r9n br ?tor(?1 E3 
liquid form under motirrstc j)rcL-.urc. is 
tanks and csn br drtcrmincd with high 
scn>itivity. They have high thc-rmsl 
stability; SF6 nnd CUI.FI are ?table st 
temlwatures high as 600' C.. but 
c-C,F8 decoan~rn.sra. The.- com!)ins- 
tions of properties clo~ely appros~h that 
of the idral tracer material ( 1 1 ) .  Sulfur 
hesafluoridr, which can be detern~ind 
with the highest sensitivity, is so non- 
toxic thiit a nlizture of SO% of thl- pa< 
with 205, of osygrn prod~~rrrl  no hsrluiul 
eifrcts when 1,rc~~thtd by rritp for 21 
hour:; (12). The tosicitic~s of the othrr 
mnterial; al.9 are extremely low. The;e 

can br diil~crsrd from a 
weighed tank simply by ol~enin:: s valve. 
In the rare caqs  in which atmospheric 
blanks might be a problrrn, mistures cm 
be employed. Composition of such a 
mixture may he held const,ant by dmw- 
ing the mixture from the bottom of the 
liquid layer in the cylinder. 

Simple sampling techniques and s n  
ultrsmsitive ~ S S  chromstographic 
method were derelopd snd tested. 
Collsteral laboraton- s tudie  indiratcd 
thst these substances should exhibit no 
10%- in the atmosphere hzcsuse they 
n-ere hhoan to be chernics':l?- inert to 
some of the most reuctive atnicsspheric 
pllutants. T h w  nrsterids s1.w r&+t 
decomposition h?- irradiation and 
removd by 1%-ashout or rsinout. T h w  
techniques zhould b ven- u.ieiul both 
for tracing local emissions oi ~rdlutsnts  
scd for long-range rnrrt~~~ol~o+~:al ctudie 
oi movements of air IllsiWh 

ANALYTICAL METHOD 

Gas Chromatographic A p p a r m .  
To arhieve the esrrsordinary smsi- 
tivity pcl:"il>le n-ith an  rlzrtron cap- 
ture detector, 3 ztudy was made to 
o?tirnize a variety of paramrters. 
\-arious dctr~ctors wrre eralosted. 
The . elcctrcde spscings. operating 
voltsge.;, temperur urc-i, compo::ition 
and flow rate of csrrirr (with 3 r d  with- 
out savengcr g a s i l .   rid ;wrformsnre 
with different zt reogih tritiunl foil$ were 
examined. I t  t v s  iound thst cirrful 
removal from the system of wster, 
oxyjien, anti other clntron-rspruring 
in~puritiea w t ~ ~  r ~ ~ r l i r t d .  13sy111sl, s 
fibrillar rolloidsl :ifuznins h%$ h c ~ n  
rec~ommcnrlcd (9) for hzlqg*.ns!ed com- 
p)unti< s.5 jirovidir:g hich s-parstion 
f~ctors .  short rc~tentit~rl tirnr.;, and 
sharp pe:lka. It x ~ s  ff:~rrnd to  IE wit- 
s!)lr :is s column p:ic!iini: for the rapid 
analysis of nil thrcr t r s w  substanem in 
air. 

Two systcn~s werz 5n:dly sct up, one 
to provide 9s much sencitirity as possi- 
hle and another to study the stability 
of the materisls a t  highw eoncentra- 
tions under sinl~llstrd atmo~phcric con- 
ditions. 130th s>-Ptc.ms utilizrd i\Iicrc+ 
Ttxk ;-port ssrnplinp v?l~e;. with Teflon 
in.wrt.s. Thr.sr valvt,.; rr11il)itr.d no 
dctcct:il)lr ccarit:irr~in:it ion effccts from 
prior sarnl)le.i. The \,olun~r of the. 
*mple loop a%< ml.; larger stmo- 
sphcbric sn1np1c.s were avoided hec3u.se 
of t h e  consequent incresei size of the 
resulting oxygen peak, which slightly 
overlsl~prd the sulfur hesafluoride pcnk. 
Samples were contained in plastic bags, 
which, a t  the time of analysis, were 
sttnched to a 3 12/5 jcint on the sam- 
pling-valve inlet. The sample mas dmwn 
through the loop a t  a rute of about' 100 
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Name 
Synonyms 
Formula 

Table I. Properties of Selected Tracer Gases 

Sulfur hexafluoride Bromotrifluoromethane Octafl~~r~cyclobutane 

--.,. - 

Vapor pressure a t  iOO F., p.s.i.g. 310 
Roiling point at 1 atm., F. -S2.Sa (-63.8' C.) 
Frc3ezi11~ noi~it at 1 atm., O F. -59.4 (-50.8' C.) 
Heut, ol'vflporiz:lt i o ~ r  nt nornlal b.p., caI./g. 38. 61b 
Critical teiul>erat~~re,." F. 114 (45.5' c . )  
Crit.ical pressure, p.s.1.a. 545.5 (37.1 atm.) 
Uses gaseous insulating medium 

Freon 13B1 Freon-C318, Perfluorocyclobutane 
CBrFa CFzCF2CFzCFZ 

138.93 
190 
-72.0 (-57.8' C.) 
-270.4 (-168' C.) 
23.38 
152.6 (67.0' c . )  
573.8 (39.1 atm.) 
chemical intermediate, fue- 

extinguishing agent 

-42 .5  (-41.4' c.) 
27.67 
239.5 (115.3' C.) 
393 (26.7 atm.). 
gbeous dielectr~c, foam-producing 

agent, propellant 

Sublimes. 
b Heat of sublimation. 

ml./~nin. by d jus tmen t  of a needle 
valve do\vnstrraln fro111 the  loop con- 
nected to a vacuum source. After a 
fen, ~ n o ~ n c n t s  the vacuum \vm dis- 
connrcted and the sa~nplrs injected into 
the  c o l u m ~ ~ .  In  110th syste111s Iieithley 
3Iodrl 417 ~)icoam~nrters were used. 
The outputs were recorded on 1-mv. 
rccordcrs (IIonry\vell Series 153). The 
ponrr sul)l)lics uwd were 1IicroTek GC 
0000272 ~ ~ o l a r i z i ~ ~ g  sources 0 to  50 volts 
d.c., cnlibrutcd in 0.05-volt incre- 
~ncnts .  

S Y S ~ E J ~  A. System -1 was drvelol>rd 
for c:~lihr:~tion :rnd i~lterfere~~cc studies 
s t ,  t he highrat ~)o-;ii!)le .wr~.sitivity. 
The c:irrirr g:~s c.o~~si.~ted of jyc hydro- 
gcbn in argon, flowing a t  75 ml.jn1in. 
'l'he g:~s \v:iq)urifiod by pascage through 
a scrips of five 200-1111. cyli~ldrrs. The  

P first r o ~ ~ t : i i ~ ~ r d  silica grl; the nest two 
8 contsir~cd Ii'I'S C:it:ilyst (a sl)cc.isl 

c:~t:~lyst for osygcln rc,n~ovnl, ro~~t:iining 
30C', col)pcr i r ~  firle!y tlisl)rr.setl for111 
st:~l~i!iz(\(i on :I r:irrior, :~v:~il:~l)le ir~l111 
l \ :~( l i sc l~(~ . i~~iI in-  CC Soda-1::~I)rik .lG, 
l ,~~( l \v igs l~ : i f (~~~  :LIII 1111(~i11, Chlr111any); 
:~nd t11(' I : L ~  t\vo (.ylilldcrs e:~ch con- 
t:~incd 5.i JIolcc.ul:ir Sieve. For rc- 
111ov:il of :ic.c~~lllul:~trd Ivatrr, ~vhic-11 
lo~vrrcd tllc sc~lsili\.ity of tllr system, 
tllc silic:r grl and ~~~o lc t . u l :~ r  sirvc Ivrrc 
rtt:i(,ti\.:itc~tl c v c ~ ~ .  2 11111nths by I~c:~tiug 
in :III ovru for 36 I ~ o r ~ r s  :tt 325' C. 
'I'llc IVI'S C:ct:~lyat \v:w rc~(iuc~c~(i with 

B h>,~ir~rgc.~i. :~cc.ordi~ig to thc ~n:lnui:~c- 
turcr's r o c o ~ n ~ ~ ~ c ~ r ~ t i : i t i o ~ ~ s ,  s t  i~~ tc rva l s  
of sc,vcr:il rno11t11.s. 

Tllc ctr111111n c o ~ ~ s i ~ t c d  of 14 fcrt. of 
1 , i8- i~~r l~  (1.11. st:~i~\lcss steel tul~ing 
p:ickcti with 40- to GO-mrsh l%ny~nal. 
This colu~nn cshi1)itrd a pressure drop 
of 46 p.s.i. untirr opcrnt i~~g conditions. 
I t  \vna ~naintninrd : ~ t  50" C. in a IIicro- 
Tck 3Iodcl 2500 g s  ch ro~~~ : l to ra l )h  . . oven. 1 his ~ O ~ I I I I I I  \V:L+ stnlilr s ~ l d  hsd 
a ! O I I ~  liiv. .\ftcr srvrr:ll d :~ys  of 
opcr:~ling thc sysicSn1, thr  st:lr~(iinfi 
c11rrcl1t d(v*rc~:~.wti :iigl~t!y, 11rtrl)nl)ly 
t)ccauscs oi thc :~cc.umi~l:t t ic~~~ of \v:itcr 
in t!ir c,iilrlmn. 'Yilc s t :~~ ld i~ lg  rllrrrnt, 
\\.:is r(-st(~r(\d 1)y r:~ising the ovrn tcm- 
persturr to 150" C. and p ~ ~ r g i ~ ~ g  the 
co1111nn ovcrnigl~t wit11 c:~rrirr gna. 

'Thr c1ctbtro11-c:rpt urc dct rct or \vas n 
I%:lrher-Coln~:l~~ \lode1 511'0 with adjust- 
able :111odr sp:~cing. 'Tl~is dcvicc \v:is 
~nodificd by c'npl)ing the sc:iven,cer 
~ : L S  conncrtion to the cathode and by- 
pnssing the linrnrizing resistor. T o  

provide a convenient connection for 
flow n~easurement, a piece of '/Isinch 
tubing was brazed to the gas outlet on 
the anode. X locking nut was used to  
maintain the electrode spacing, which 
\ v 3 ~  set s t  1.5 cm. The original 300- 
millicurie tritiated foil 1v9.i replaced with 
a 550 millicurie foil, 0.8 X 1.1 cm., 
selected for high activity and uni- 
formity. This yielded 3 maximum 
standing current of 18 namp. A 
standing current. of 11 namp. w s  ob- 
tained a t  the selected o l ~ r a t i n g  voltage 
of 17.5 volts. 

SYST~:II 13. System B \vas developed 
for studies of the reartivities of the 
\.srioux tracers with atn~ospheric pollu- 
tants; this system \ v s  olwrated a t  
wnle\vhat higher trarer g w  cconcentra- 
tions than System A. The csrrier was 
prrl)urified nitrogen a t  3 flow rate of 75 
ml./nlin. This gzs tsvs purified by 
113ssage through a 1%-ml. cylinder 
contni~~ing 5.1 1IoIecular Sieve ad- 
5orhr11t. l'he column ronsi.tc.d of two 
wc*tions of l / l- i~~ch 0.d. stainless steel 
t11l)ing. The first *ctiun, 3.9 feet long, 
\v:M i):~rkrd \\.itti 30- to GI)-~nrsh 3 4  
.\Iolrcul:rr Sieve to rcmove thr  rclstivcly 
large cluantitjes of intcrfrring water 
v:il)or fro111 solne s:in~l)lw. 'I'he .vcond 
t;ctc<tion, 10 frct long, p:ic,kcd with 
50- to (ill-~nesl~ 13ay1nal. 'Stiis c.olu111n 
\\.:I.; ~nnint:iillrti at  5s" C. in a Ilsr!)rr- 
Co!~n:ln rohumn b:~th ,  ~ l o ( l r 1  5060. 
For rcn~ov:il of arc~~muI:itrd Jvxter, 
1vhir.h lo\vcrs thr  scn-itivity of the 
vstr111, the ~nolrcular .sicvc rc,lr~mn \vas 
rrc~onditiorlrd every "to 3 ~ n o r ~ t h s  by 
r:iising thr  ovcsn te~nl)erature to  300' C. 
snd 11urgi11g the colur~ln wit11 carrier 
g:is for a few hours. The I l sy~nsl  
section of the colurlln was reniovcd 
prior to this step SO that it ~vould not be 
espoied to  the liberated \vater vspor. 

The rlrctron-rapture detector for 
Pyztem 13 i v : ~  also a ii:ii.I)t.r-Col~~lnn 
. \ I (u11~1  5120 \vith the rlcctror!~ ,<p:~cing 
sot 3t 1 (.In. S(-: ivr~~ger g:is (jc; hydro- 
pc.11 in argon! 1~3.; utilizcti :it 3 Ao\v rate 
c i f  50 ml.,/n~in. IVith 14 volts applird 
a ~ r o s s  the detector rircuit (whirh 
included the linrarizing resistor); the 
q)rr:ltina standing current 1v3s 5.3 nanlp. 

Calibration Procedures. l'ri~nary 
~ t a n d s r d s  for cnliliration \\-ere pre- 
pnrrd from the pure gnse9 \vhirh 
{vrrt. purchnsrd in liq11i0 f o r ~ n  in s n ~ s l l  
rylinders under prrssure. Dilution 
tcchniqucs \rere used, often in two 
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steps, utilizing small glass syringes 
and making t o  vo lun~e  in 100-liter 
plastic bags. In some of the initial 
work (3) the first dilution was made by 
injecting the  material through a septum 
on the  side of a 5Wrnl. glass gas- 
collecting tube fitted with stopcocks at 
each end. Later, plastic bags were 
found less subject to  contamination 
from prior use. Since these tracers are 
relatively inert, good results were o b  
tained with bags made of Mylar, Saran, 
and fluorinated ethylene propylene 
copolymer (FEP). Dilution air ns 
~netered accurately by 3, precision d r ~ .  
test meter. 

Nore convenient secondary mixture 
were prepared in 1.4 steel cglindew. 
The cylinder \vas first evacuated with 5 

vacuum pump and the cylinder valve 
closed. .I hose fitting with a rubber 
septum in the opening \vns attached to 
the outlet. The  cylinder valve I\.%-$ 

then opened and the tracer gases rere 
injected by ll1esns of syringes of variou 
sizes (PO to  1 191.). The s e l ~ t u ~ n  jy3-i 

parti3Uy ~)ulled out of the hose fi,ttlcg 
to flush tile g9.s cI~:irgc> into the cyl~rldcr 
with air. Thc  c!.lirlder nas  thrn closed! 
and a high-prexiure gn~ tmns fe r  nl)i)s- 
rstus with an annored line \\.:is u ~ r d  to 
Fonncct it to  a wcon(i cy]jnder coninin- 
lnc high-pres.surc pure air. For 
lnisture-; nitrogen \vxq usrd as a diiuclit. 
The cylindrr \ v s  tiler1 chnrgrd to 3 

1)rcssure of ahout 1000 11.s.i.g. ovcr 3 
21 /Tho~r  jwri(d. "ihrse rnistuics 
shotvcd no drtectable chnnges in con- 
crrltrntions in a &month pried. The!: 
nr re  useful for routine daily calibrstlcn 
checks of the instruments; ho\\c\.cr, 
they could not be used as prinlaQ' 
standards because the absolute concm- 
trations were not known precise~v 
At these trace concentrations adsorp 
tion-desorptio~l r,4rt,ts were very serioll' 
I\%('ll t h r ~ e  rnixtrlrc.s \ v r r c? ' co l~~ \~ r t~d  to 
thr  snn~ l i l i~~g  vnlve, the vrrcurlrn c(!nrlec- 
tion to the sampling lool) was drdcon- 
nerted. 

Figure 1 shows the recorder response2 
for one standard nlivture analyz~d 
the two systems. The standing cur- 
rents were 10.9 nsmp. for Systcrn A and 
5.23 namp. for Systeln 13. For this 
misture; the SF6 and CIFB penks ex- 
ceeded the ra1il)mtion range in System 
A, which ordinarily was oper>ited !v!th 
lower conrentrations a t  a more sensltlve 
current scale. 



TIME. MINUTES AFTER INJECTION 

Figure 1. Responses of System A (left) and System B (right) 
to a 1 /4-ml. sample of ternary tracer mixture in air 

Approximote mixture concentrotions Ip.p.b.) were: SF& 6.9; CBrF,, 62; C'Fa, 
183. Note the differing electrometer scale settings (vertical wales) 

The retention time.;. for air and these 
trscer substance.: and the wnsitivity of 
the dctrxctor respon-es are given in 
TaMe 11. Retention times are similar 
for the two ystrnls.  Sote ,  however, 
that 5eniitivity is al)l)reciat)ly higher 
~ j t h  Sy.stc,rn -1. This advantage i i  
1):~rtially oB.set by the fact that the 
sulfur hcsufluoride peak in System -4 
is not roml)lctely re.colvcd f r ~ ~ n l  the 
0sygt.n ~ ~ e a k ,  \vliich n l i ~ h t  cause some 
urlcertsinty about the baseline. 
:I sniall prak orcurred 1)rol)ahly 9-5 a 

rcwlt of the flo~v pul.;e causcd Ily ol)erat  
 in^ the ss~nl)l ir~g valve. In System A 
this prak occurrc*tl at  nl~out minutes, 
n.here:is in System 13 it occ~urrctl within 
1 '  
/ t  minute. In nrithcr ca.w did this 

artifact interfere with the mcasurc 
~ n r n t  of the t rs r r r  substances. Any 
difficulties with this spurious peak could 
be readily eliminated by slight changes 
ill flow rate of the carrier gas. 
-1 calibration curve for System A is 

shon.n in Figure 2. Reipon-e approsi- 
mates linearity up to about 30% of the 
standing current. after which i t  falls 

sampling loop by n vacuunl source. 
The polyethyiene bottle was initially 
charged n-ith tsnk g a ~  mixture. n l e n  
a fe\v ansly+ec.j indicated that constant 
composition had becn nttained, a wet 
test meter open to the outdoor air was 
conncctc~l to thr  inlet to  the bottom of 
the l~ottle. The mixture thus was 
flushcri out with air (frre from tracer 
materisls). If coniplete mising in the 
bottle is a.+umed, the concentration 
nould he e s p r t e d  to follow the follor- 
ing rclstion>hip: 

C - - - c-= 
c. 

IVhere: C is the concentration a t  a given 
time, 

C. is the initial concentration, 
and 

z is the n u m h r  of air changes 
( to td  air volume pa%& 
through divided by volume 
of the bottle) 

This equation indicates that a plot of 
the natural lognrithm of the conrentre 

Figure 2. Calibration curve for Sys- 
tem A 
Canditions were adjusted w that the identical 
calibration applied for both CBrh and Gb. 
The same calibration applied for SF' xi*  the 
urncentrotion scale reduced by  o factor of 30 

tions 1 3 .  the number of sir changes 
should yield 3 srraight line of > l o p  -1. 
-4 ..eniilngarithnlic plot oi detector 
responm is gi\-en in Figure 3, n-hich 
shows linear relatiousliil.ra 01-er a rnnge 
of three decsdes of w a k  height. The 
dopes of the* lines ;geed c l ~ d y  with 
that given by the thcrireticd relstion- 
ship. The detector rr+j,onw deviated 
from linearity a t  current9 escecding 
2 namp. The linearit?- of the plots for 
all three con1l)onrnt.; at lower currents 
n - ~  evidence of the validity of the 
calil~ration.. at  the 1orvc.r lirnit of n ~ e m r -  
able concentrations. 

STABILITY OF TRACERS IN THE ATMOSPHERE 

To investigstt. the stability of the 
materials ns tracers in thr stmoiphere, 
laboratory studies were contfuctcd by 
introducing misture.< of the. matcri:~ls in 
air from a cylin~lcr into 1)lx~tic hags with 
added amount- of aotllc of the more com- 
mon reactive ~)ollut:int.i found in the 
atmorphere. The ~wdlutant concentra- 
tions were at  Iemt twice tho% of a high 
normal atmoq~hcric value. Since  noi is- 
ture is a possible factor in t h w  reac- 
tions, a small amount. of liquid water rnvas 
injected into tach bag before intrduc- 
tion of the g s  mmlst,urr. The qunntity 

off a t  an nrcelc~r:itlt~g rate, a, theo- 
r(:tic:illy exl)ect(~d. I t  1s ns extmnlt.ly 
dlfflcult to check the validity of the Table II. Calibrations of G a s  Chr~moto~raph ic  Systems 
ca11hratlon.i a t  low concentrations be- Syktem A System B cauie of the po..it)illtirs of contamina- 
tion in the prepsratiom of e~tremely Detector ~ e t e c z  

Retention reponse, Retention dilute miutures. Hest results mere ob- 'Sp""": 

Substance time, min. amp./ml: time, min. nmp./ml. tained by uuse of a flow system dekigned 
to dilute a m i ~ t u r e  with clearl air Air 1.0 1 2  
turbulently in a 3.8-liter polyethylene SF, 1.7 3 40 1.9 0.46 

CBrFs 3.75 0.11 4 3 0 023 bottle. The outlet from the top of the CcFe 5.6 0.11 7.6 0.013 
llottle was connected to the bnll joint 
of the gar bimll)ling A flo\v of Equivalent to nnnoamper~/(ml. X p.p.b.). Biwd on mesv~lrenlentvof peak heights. 

0.36 1.p.m. was drawn through the 
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nas  sufficient to saturate the mikture 
and leave an escecs of a few drops in 
the bag. In appropriate c & e  these 
milturea were subjected to ultraviolet 
lrrad~ation from fluore-cent black-lights 
(Generd Electric F4?TGBL) a t  an in- 
tens~ty iorllewhat greater than that of 
auniight for 16 hours each day; t h s  w\-ss 
doue to determine  herh her irrdiation 
would cause con-rlml>tlon of t m e r  gas. 
Mort of the studle- were conducted with 
mi\tures In 100-l~ter FEP b a p ,  since 
FEP hs. good trsnq>arency in the ultra- 
violet region. For work \nth ozone, 
ho\\ever, .\Iylar bags of the same size 
mere u-ed. 

Rerult* of sll of the- studies are 
gix en In Tsble 111. As control- in these 
eq~erllnents, other mixtures were stored 
in bags a t  the Yanie time w~thout the 
a d d ~ t ~ o n  of pouutmts. Sulfur he=- 
fiuorlde and bromotr~fluorornethane mere 
lo-t st the rate of about l'?, per day, 
n here* octafluoroc> clobutane \\as lost 
a t  the rate of 0.4% per da>-. Smce 
t h w  1o.w~ probably \\-ere csuwi by 
d~ffu- on through the 0.002-inch t h ~ c k  
pl*t~c film, it i- remnable that the 
lo--c- would be le:~-t for the rubstance 
1% it11 the largc-t luolecule (CIFB). 

'The b:ig rn~ktur- were rinalyzed in- 
iti~ll? sn{l sEtrr sg111g lor variou. periods 
up to :! \\ eel:.. T h e  d~ffererice- bet\\ cen 
the control vsltle~ and the lnltlal values 
could he a ni(>szure of ather inrtm- 
tuncwu. rmct~on or ncgstive interference 
fro111 the 11ollut~rlta in the ansly-ii. 
The* d~ff t ,~~.~icr i  ucre negl~p~ble. The 
dlffcrcncc,- btt\ct.n the rate of 10s  in 
the c.oritn)l- allti in the h a p  routa~nir~g 
~i~l l i l t :u~t  :i~r were a mcvzure of the 

Figure 3. Check of calibrations of Sys- 
tem A a t  low concentrations approach- 
ing the detection limits 
A turbulent dilution o f  me initial ternary mixture 
contatned in a 3.8-liter bottle was arranged by 
admitting pure air a t  a flow rate o f  about 0.36 
liter per minute 

chemical $econ~pozition of the tracer 
materisl+due to resction with the pollu- 
tants. The dats in Table 111 indicate 
no significant reaction with automobile 
e.&suat, hydrogen sulMe, ozone, nitro- 
gen dioxide, suliur diuside, or water 
vapor, either with or withaut ultraviolet 
radiation. 

Solubility ds t s  indicate thst the.% 
tracers would not be readily washed out 

by rainfall. For experimental confirma- 
tion, a quantity of liquid water wG 

added to the bag mixtures; the b q s  
were shaken vigorously for a few min- 
utes and the contents analyzed. Stud- 
ies of possible losses by rainout sere 
conducted by putting a bag contain~ng 
tracer mixture saturated nith Fater 
vapor into a refrigerator at 3' C. Th, 
was done to cause condensation of the 
water vapor; conden~ate was >isuaUY 
observed. A sample wai then drann 
from the cold bag into a small Saran bag 
and an analysis run. The espenments 
confirmed that losses cawed by both 
static and dynamic contact nith Rater 
were negligible. The emaU drop in con- 
centration observed when liquid rrater 
was introduced into a bag containkg a 
dry mixture could be wholly esplsined 
by its dilution with water vapor. Thee 
results indicate that the materials should 
be suitable for practical us- as tracera 
in the atmosphere. 

ATMOSPHERIC SAMPLING PROCEDURE 

Sampling Apparatus. Becsuse of 
inertness of the tracer 935es, a wide 
variety of sampling equipment should 
be suitable. Earlier field ssmpling 
studies (4) indicated thst pol!-- 
ethylene bottles could be used merely b~ 
squeezing them several times to flush 
them with ambient. air. .bother tech- 
nique reported in the same study ~ 3 . ~  
the use of s 1 m u . - i n .  evscustrd 
stainless steel tank with a constsnt- 
differential-type needle-vslve flow con- 
trol. Losses on the surfaces of the sted 
tank resulted iq contamination diifi- 
culties at  low concentrstiom. 

Table Ill. Stability of Ternary Mixtures of Tracer Gases in Air in Presence of Common Atmospheric Pollutants 

Sulfur he~dluoride 
AllLil~.ls, 

Initial Contact Bronlotr~fluoromethsne Ortaf lu~ror~r lot l~~ta i~e  
P -- 

Hsg pollt~tant t~r~ie, 1111- h - s ,  Annl>\lc, p p.b. Lo-, .g~lal~.~b, p p b. LO-, -- - 
rlo. Pollutar~ts:~liJcd m:iter~d concentrstlon days tlsl Flnal ':/day 1111tlal F I I I ~  ',&/day Iriit~al Final ' c / d ~ !  

1 Uone FEP Teflon S 8 .0  7 5 0.9 100 91 8 1 1 2513 249 0 1 
2 Sone FEP TPHOII S 5 .0  4 6 0.6 100 92 5 1 0 500 4G 0 4 
3 \V:rrcr, IIO :igirst~on' F.~rsn Excrr~liquid 3 7.4 7 3  0.5 66.9 67.0 -003d 194 1 s  1 7  

m . l t ~ r  
I \Vaterr :igitatio~~~ P:usn ~ac&ili~rtid 3 7.4 7.3 0 .5  67.8 68.4 -0,034 19') 196 -0.7" 

water 
5 \V:iter, u ~ i t s t i o r ~ ~  Snrun Esr- liquid 3 7.0 7 .0  nil 62.4 6.1.3 -0.1' 186 1% nil 

waier 
6 Xone >I\ lsr 5 3.8 3.9 -0.5d 35.3 33.0 2 .0  M . 3  95 7 6.; 
7 O~one 11) lsr 5.9p.p.nl.b 5 3.9 3.9 nil 35.6 31.9 2.1, 9 9 1  9 7 6  
S Sone FEP Teflon 5 7 .3  z.5 -0 5* 66.4 63 9 o 8 1 ~ 1  196 -1  bd 
9 SO: FEP TeHc~n 5 p.p.m. 5 7 4  4.6 - O j d  6 S 7  6 5 0  1 . 1  l;y 103 - 1 5 '  

161 St ):, irr:~J~:~irii FEP Teflon 5 p.p.m. 5 7 . 3  7.5 - 0 . P  67.6 63 7 1 .2  1 193 -0 bd 

I 1  Solrr F1.P Teflon 2 6.7 6 '?, -0.76 60.3 61 8 -1,')d 17') 153 - 3  Sd 
12 . Iu~II~II~II I I I~~ ~ \ I I ~ I I - L  Fk:P Ten011 2 SYCc 2 7 .0  6.8 1.4 6 4 .  M 5 0 3 183 In0 0 

(d~llltrd n ~ t h  S: )  
1.3 An~unlub~lr e\hnr~.t FEP Teflon 2 8%. 2 7 .0  7 .0  nil 64.2 63.5 0 .  5 174 1% -3 3* 

{d~la l rd  nith S?), 
~rr:idlated 

14 .Iutoniob~le exl~sust FEP Teflon 9. Isc 2 7 .0  6 .9  0.7 64.2 61.7 3 .0  183 174 2 j 
15 HzB FEP Teflon 5 p.p.n>. 3 8 .0  8 .1  -0.3* 110 107.3 0 .8  116 115 0 3  

\\'ith cvclir tnoli~~g to 3' C.  snd w:urnirry to 26' C. on the f i ~ t  and secorld dam. 
FIII:L~ ~ ; ) J I ~ ~ I I ~ T : L ~ I O I I ,  1.1 p p.m. 
.\vrr:~~t. : I ~ I : I ~ ? > I ~  of ~ \ h : ~ t ~ - t  (vol 5): ~ l i t r ~ ~ e n  oxid<*, 0.14; hydrocarbons (a4 carbon), 0.56; Cot, 12.35; CO, 2.03; a, 1.8. 

J Xl~ght  illcrc:be 111 colicel1tmt1on shown i.. ~lthlr l  ~1l~l~tlCUl error. 
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.\ technique rwomruended by Schaf- 
fer, Stolpe, and Hoyle (13') utilizing a 
simple, inexpensire, commercially avail- 
able sl~l)aratus, n-as four?d to be satis- 
factory. The device is a vacuum- 
cleaner clothes biush (Pilot Ptsr  brand), 
available a t  dep~r tn l en t  s fo re ,  'which 
contains a cenrrifupd pump made of 
plastic. The c!orh dust bcg was re- 
moved and a one-hole rubber stopper 
cut to fit the ;)unlp outiet. Constant 
flow for a hali hour wss obtained when 
the punlp  as driven by tu-o size D 
hear>- current jslkaline t j p )  batteries. 

The pump outlet 1~31 connected to the 
sample bag by nieam of 3 g l s s  tube. 
Inesl,ensi~-e %=an bags (comn~errially 
available from l'ilutis 6: Co., 1%55 
South h l ichipx,  Chicago, Ill.), Rere 
obtained in the 1- by 2-foot size! capsc- 
it! I4 liters. The  air pump produced 
a sampling flow mte  of 7 liters per 
minute. \\%en sanlpling a s s  desired 
over 3 longer period than 2 minutes, 
a suitable o d c e  was inserted in the 
pump outlet tabe or a larger bag n-as 
used. S o  s11preciah:e decrease in the 
sampling flon- rate cccurred until the 
bag t v a  filled; hose\-er, it was not 
necessary to fill 3 bsg completely. 
After the bag n-w filled, an ordinav 
cork was in-serrrd i r t o  its inlet tube. 
.ill bags were chwke2 for leak; before 
uce by noting xhcthcr they .~ho\ved any 
visible signs c b f  colls;.ing within a day 
xhen filled wirh air. 

Studies with synthetic tmcer niistures 
shoived no slznifics-,t losses in these 
b s g w v e r  wrir~1.c of several days. 
Thr O .Winch  1v3U rhirkness of Saran 
sufficed to eiin~inate OiBusion lo.sie.$. 
After analysis of the coritcxts, the hags 
were evacuatd  and fludied out with 
air. Tc.cts 9hotvd no ri,ntamination 
from the nsltz, even iron1 prior high 
ror~centrstioni of tb:rer mstcris1.i. 
Siniple flu.hi-g su5c.i-3 to clean the 
t)ags. For essrni~le, in one test. a mix- 
ture nt rc.13rivrly hiqh rimcentrations 
(.C;FrIO p.1j.m.. Cl3rFrP.X l).p.nl., C!Fr 
250 j).l~.~n.) iv3i ston+ lor 24 hours In a 
h:lg nnd then withrirsnn. The hag 
r t : l  3 h i n .  S o  
tr:rrrr g:1..c.,< were tlr!rctcd in the final 
rontc'nts. 

Analytical Procedures. .I .serirls of 
short range fir.ld tr-:s wcre run, in 
n.hii,h onr  or milre of thc tracer cases 
nr re  relraicd. T h r  =:iccc, in diffrre?t 
niiioirnts in e3rh tpit ,  ivrrr di+ernr- 
nated a t  s ronstsnt rate tlr~ring 15- 
Inliiute intervals. . i i r  saml)les were 
collected duhp one or severat consccu- 
tiye 1Sniinute pericd;. 

To niinirni:? the dsc2c.r of contsmi- 
]]sting the nr:nl.x:ird s::ctrni tvith very 
high rtrr~ccntzttii,n<. t?!r ficld snn1l)les 
\WrP first run ut }ii-il tiiitttiorl hy rrir:lnii 
of a neirly dcvi*l,,pcd ciiiution dcvice 
(14) c o n n r r t ~ f  to the rnultijlort sam- 
pling valve i-f the  g:is rhrc!matograj)h. 
The bag sample i v s  conn~ctcd a t  the  
device inlrt. . \ f t ~ r  the nitrogen dilu- 
tion gas presqtlre wssadju~tcd  for the de- 
sirrd dilution mtio, s minute or two mas 
alloaed for flushing through the system. 
The diluted F.~PIIII!C nlicture was drawn 
through the cs!iI,rstd s/,-ml. snmt~le 
loop a t  the n t e  of o h u t  100 ml./min. 
.uter srrmple injection, it W L ~  necessary 

to wait on?\. a few minutes to observe 
whether 3 meusurable pesk appeared. 
If no pesk s h o ~ d ,  a lower dilution n-ss 
tried. For ~vork at higher sensitivity 
the dilution d e ~ i c e  1va.s disconnected 
and the bag sample connected directly 
t~ the inlet of the sanlpling valve. I t  
w a  possible to  run an snalysis about 
every S minutes for each trial dilution 
or direct ssnlple. 

Sensitiviv. .Idjust nlents in the 
electronleter attenuation can slso 
be made t o  bring the sample peaks 
into a mewurable range. Successful 
calibrations ha re  been made by 
measurements of bolh pesk height 
and peak area. K i t h  the  former, 
the background variation of about 
0.01 namp. limits the  sensitivity 
for sulfur hesafluoride to about 0.01 
p.p.b. and for bromotrifluorometh.ane 
and octofluorocycloprol,ane to about 0.3 
p.p.b. In one test, releass of only 6.3 
lbs. of SF6 yieided detectable conrentra- 
tions of this g3s a t  sites ll /s miles 
downwind. 

The limiting factor in sensitivity may 
well be the background levels of the 
tracer substances in the atmosphere. 
Ten simples of polluted air were col- 
lected at various points in Cincinnati 
in the vicinity of power plants, factories, 
traffic arteriw, and other pollution 
sources. T h w  sarnl~les were analyzed 
at  the highest possible sensitivity; in no 
case were any peaks observed that could 
be interpreted 3s  an indication of the 
tracer nia!erials. Thus the blanks 
were negligible up to  the limit of sensi- 
tivity of the analytical method. Since 
the procedure ha.: h e n  arranged so that 
one, two, or three components can 
readily be anqlyzed, contan~ination by 
any one of the* tracers .shc)uld cause no 
p~rticulvr di%c.ulty. If a mixture is 
used, contamination \vou!d t)e indicated 
when the ratio of roncrntrations dc- 
viates from tilst of the tracrrs disprrsed 
in the s t  n~osphere. 

DISCUSSION 

In thr  a-ork decribrd,' the nnslyscs 
wrrr cc~ndr~ctcd with trnconccntrstcd 
ssrnl)lcs of air. It has hren suggested 
(18) that mntcrials such as carbon col~ld 
bc u i ~ d  to concentrate thr  snmlilcs. 
This ~irorcdure would introduce d d i -  
tional problems of sample absnrption 
efficiency and dr.srption efficiency. 
Further develol~mrnt may indieate that 
such an approach could estrnd the sen- 
sitivity of the determination by several 
orders of magnitude, in which event air 
nias.cs could be traced over esknded 
di>tanrc?. 

An irnlmrtsnt considrration in the 
analytical work is to kerp the system 
free from electron-capturing contami- 
nanb~.  The cleaner the system, the 
fewer the problems due to  minor varia- 
tions in flow, tenil~eratnre, and detector 
~roltage. \lTith System A, higher carrier 
flow rate-- did not affect the responses; 
also the detector was o1)erable a t  room 
temr)rrature. The BTS Catalyst 1~8s 
very effective in removing oxygen and 

posible t r a c e  of sulfur compounds, and 
resulted in an increasv of 10 to 20% in 
standing cumnt. Ordinarily, con- 
tanunation of the detwtor should not 
cause difficulty. In the event of acci- 
dental contznunstion, which ~vould be 
shonn by s sudden cirop in sensitivity, 
the detector csn e s i l y  be diaasrnlbled 
and clemed by one.of the conventional 
methods. 

-liter completion of the reactivity and 
stability studies, steps were taken to in- 
crezv the =n$itivity of System B to  
make it comnlcnsurate with thst  of 
System .I. Replacing the tritisted foil 
in the detector with one of 550 millirurie 
strength doubled the standing current 
and rwi l t td  in the larget  single increaw 
in wnsitivity ( l W ~ o )  of d l  the modifica- 
tions n l d e .  Another 10% gain in 
sensiti\i;it?- n - s  schieved by the com- 
bid  effects of the folloning: The 
linearizing resistor in the detector circuit 
a s  bypwxi;  the interelectrode spac- 
ing in the detector was incre.wd to 1.5 
cm. and the operating voltage r s i d  to 
29 x-nlts; the scavenger gas \$-as elimi- 
nated, and the carrier gas iva..ichanged to  
5% h?-drr.+m in argon. Liter in the 
c o u w  of the ~vork. extreme broadening 
of the conl;u,site air peak appearid, 
causinp it to overlap thst from the SF$. 
ThicdlSculty \vs< eli~ninated by b!ps+ 
ing the sample injrction lmrt. 

During the f i~ ld  tests wme eslwri- 
rncntal mrte~urrn~cnta were made of 
discharge rstcs fro111 size 1.4 cylin- 
ders s t  s h u t  62" F. cnntaining the 
pure gs-. .Ipprosimste r a t e  in Ib./ 
nlin. -fur vario~ri orifice sizes were a% 
folloivc: SFc 3..5r0.01ie); Cl<rFf 1.2 
(0.0433, 2.0 (0.055") ; C-C4Fr 0.2 
(0.0-1OV), 1.0 (0.147% 1.7 ((clirider valve 
\virlr o1n.n. no orifice). A fic*ld tcst,in 
30" F. s-icathcr c u ~ ~ f i r ~ n t d  that. thc.vapor 
presqure of cC,F8 n.scetcm low a t  this 
tcmprrsture for unaided relcnv from the 
cyiintler. The arialytiral da t a  obti inrd 
al)ln.aml rrs-onnhlt*, arid no major dif- 
ficu1tic-i were esjwr.irnc(d with the 
IIICT~UE'S. 

Tlie technique should be valuable in 
tracing lmllution from a single stack 
and in drternmining the ~novenlcnb of air 
mzI;+ over extended distances. Clti- 
matc4y it may be apl)lirable for dcmon- 
strating transfer of 1)ollutants from one 
city to another over distances as great as 
100 mile. 
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A Method for Binary Gas Analysis Utilizing 
trasonic Ve ocity Detection 

KENNETH ABEL1 

Laboratory of Technical Development, National Heart Institute, National Institutes of Health, Bethesda, Md. 

b A method for binary g a s  mixture 
analysis based upon a positive dis- 
placement gas  mixing pump with 
ultrasonic velocity detection is de-  
scribed. The method is capable  of 
achieving a precision of 0.05yo. The 
accuracy is dependent upon the proper 
design of the mixing pump to  ensure 
operation of the device in the linear 
response region of the ultrasonic 
detection system. Accuracies to  four 
significant figures o re  ottainable with 
most binary mixtures for the concentra- 
tion range from 1 to  50%. 

G . \~F:R of kno\vn co~nj)(r+ition are 
~~scbd c ~ t c ~ n ~ i v c l y  in the r:tlil)ration 

of a v:~ric.ty c ~ f  gas :rr~:~ly~i.; inetrunirnts, 
l):wtic1tl:1rly inl;trumcnts \~h ich  :rrr used 
for 1.onti1111o11s ~nonitoring and are 
slwrific- for a ~ i n g l r  g:rs 511rh 3.q osygcan 
or c:lrl)on (lioxi(h-. 'rhe IFII:II :qq)ro:ich 
for c-nlil~r:ltit)n is to ~)urchnst. c.c.rtificd or 
:rn:~lyzcd g:rs ~nistures frorn suppliers 
:rr~c! 11t ilize the dnt a supl ) l i~ l  by the 
n~:i~rnl:rct~~rrr for c:rlihr:rtion. The ~ R S  

I I I : I I I L I ~ : I ~ ~ ~ ~ I ~ ~ ~ F  C O I I ~ I ~ O I I I ~  use stand:ir(I 
:rn:rlytitssl c q u i p ~ n c ~ ~ t  rcluivaltmt to  
th:rt r~tilizrd by then pr~rcllnst~r. This 
means the manufscturer in turn must. 
hnvr stsnd:~rcis for  c:ilil~rsting his own 
instrr~mn~ts.  Snrm~I1y the mmu- 
f:~ctt~rt*r prr1):lr~s hi* cnvn standxrd 
n3i11~ tcrln~iclr~cs >i~nil:rr to t h o v  cln- 
~)loyc,d in ~wpnr ing  the high Ilrtxssure 
nristurcs, but at  lo\vcr 111-csssurrs whc-re 
miring cffrcts and tlrvistions from per- 
fect. g:rs I s~v  behavior are less pro- 
nounctd. (.it Iewt one  ga* l)roducrr, 
l'rc>ci.;ion GAS I'rodr~cts, \Yc~stlic.ltl, X. J., 
utilizes gmvinietric techniques to 
clinlinatr thc5e prohlernq snd rcports 
accurarics to 4 :~nd 5 4gnific:rnt figure:>.) 

Our own experience has shown that  
each sperific analytical instrunlent or 
teck~iclue employed for analysis can 
provitle rea.wnahly l,rcci+e  result^. 
\Then coml)arrd against s different 
apl)roach, however, agreement ma!- be 
to 3s few zs one or two sig~ificant 
figures. \\'e have attrmlltrd to  cirrunn- 
vent the inflnc>nce of operator compe- 
tence through the devc.loprncnt of a 
technique requiring little or no o ~ ~ e r s t o r  
skill or cxl>ericnce snd with only pure 
gaccs ncedrd for singlr point cali1)ration. 
T h r  method us dcvt,lol)i,d to this 1wi11t 
utilizr.~ tlrc hiah ~~rcci-ion inhtbrent in the 
],has(' multil)licr system of ultrawnic 
detection (1) wit11 the sinq)lirity of 
positivr ~ncchanical displsremc~nt and 
mixing of two g ~ ~ r s .  Althoufih not 
rrquirctl 1)~. this tcchniclnr, tllc high 
reprod~~cil>ility of the ultrasonic. t le t~c-  
tion ~wincilrlc 8inrl)lifir.s rcl)rtitive 
analyars ~)t.rfornlcd over long tinle 
in tervals. 

EXPERIMENTAL 

Basic Concept. \Vith a detection 
sys tc~n which provides pcrft>c.t lincar- 
ity of response over the  range of 0 to  
100% for 1)inary gas mixtures, cali- 
hrstion could consist of sinrply re- 
plscing the pure nrajor conll)oncsnt 
wit11 the  pure minor romponent, 
thcrel)y detrrnrining the ahsolute 
difffrt,nc.r in rr.;l)on$e. If the ~n ino r  
co~ny)ont*nt \vcsrc ~ ~ r c ~ s c n t  a t  3 conccn- 
tratior~ of 1)reri.ely 10%, then the 
re.ytonxc diflrre~~cc hc.t~vcen the pure 
major cornponerrt and the mixture would 
be 1)recisely 0.1 the ca1ibr:ltion value. 

.ilthough the change in ultrasonic 
velocitv mith concentration is not linear 
over the entire 0 to 100% range,. a 
system lrnv been in\.estigatrd ~ v h ~ o h  
rel)roducibly dilutes binary rnixtures 
with the nlajor component. In this 
way the detertor can be oprnited in its 
linear rlinge regardless of sa1111)le con- 

centration, thereby pro\-iding linear 
calibration. 

Figure 1 sho~vs 3 schenlatir flow 
diagram of the system. rUt l~o~gh 
sho~vn .scl~ematically 3.; two ~c~psrste 
syrir~gcs, the mixing 1)ump consists of 3 
concentric, flo~v-through syringe, both 
chambers of which are fully i~olatcd to 
Ixcvent cro.c.s-leskage. The input to  
each chamher is controlled by indr 
pendent directio~~sl-flow va1ve.s. 1i"llen 
actuated, these v:ilves shut off the f i ~ .  
f l o ~  to  each ch31nl)er. S in~ul taneou~l~,  
a drive motor is actuated, continuouil~ 
disl)l:tcing the contents of the Inr~er 
chsrnl~er through the detector (Irh~ch 
is on the output of the  mixer) to ~)rovide 
n hssc.linc vslue. After s p r c d e t r ~ ~ ~ ~ i ~ l c d  
tinre intrrvul tc4, insum stsbilizsticm of 
thcb I,%+~*Iine, a mixing valve is a c t u a t d  
thrreby directing th(. flow o f . g ~ q  from 
the srnallcr chsn1ln.r into the nriscr. 
This rcsr~lts in a st,c'l, change in respon*, 
the hc.ight of ~vhich is dcllcndent upon 
th r  , . con~l)osition of gas in each chamber. 
I h r  s c t u a ~  ol)c>rsting wqurnre, rtbfrrred 
t o  Figure I ,  is a-; foIIo\vs: 

)'istons in full out psit ion,  all 1)oKer 
off, valves A and B open to  piston, 
valve C ol)rn to vent. Rcferencr gas 
flo\vs through chnrnbcr L to detector 
cell, ssn~ple  gas flows through chsnlb~r 
S nnd rents. 

Motor drive and rdves d and B 
actusted si~nultaneously. 130th ?ample 
and reference g ~ w s  rcntrd.  Pipto"" 
displsce g:Lsei froln chamlicrs S 3nd.L. 
GYS from cllalnber I, est:tlrliillci ha.ielllle 
v:~lne \vhilc g:ls froln rh : imbr  S  rent^. 

h l v e  C actuated. GZG from cham- 
ber S is directed t o  mixing chamber. 
Mixed gas ps~t;es to  detection cell and 
results in n step change in response. 

Valve C shut off. Sample gas vents, 
bnseline returns to  previous value. 

Limit switch 2 shuts ofl drive motor 
nnd valves -4 and, B. 

1)rive motor rcversed until ~ t o l ) ~ ~  
by limit switch 1. The unit is now 
r e d y  for the nest analysis. 

Although we esclusirely u x d  an 
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