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1. INTRODUCTION 

I n  t h e  development of  c losed-cycle  l i f e - suppor t  sydtems, chemical 

processes  p lay  a primary r o l e  i n  main ta in ing  an environntent s u i t a b l e  

f o r  human hab i t a t ion .  

number of problem areas, one of which is t he  sepa ra t ioh  of gaseous 

r e a c t a n t s  and waste products .  

i n v e s t i g a t e d  t o  so lve  the  problem of gas sepa ra t ion .  

under s tudy  f a l l  i n t o  two general  ca t egor i e s :  (1) physiochemical 

techniques and (2) biochemical techniques.  The r e p o r t  presented h e r e i n  

i s  concerned w i t h  a physiochemical s e p a r a t i o n  technique r e l a t e d  t o  gas  

chromatography which has been termed pulsed-gas chromatography (PGC). 

It i s  expected t h a t  t h e  success fu l  a p p l i c a t i o n  of t h i s  fechnique f o r  

19 continuous" gas  separat ion/enrichment  w i l l  p lay  an  important  r o l e  i n  

t h e  development of  environnental  c o n t r o l  systems f o r  lbxlg-duration 

manned-space missions.  

These processes  are unfo r tuna te ly  plagued by a 

There are a number of mechanisms be ing  

b e  mechanisms 

Cont rac t  NAS2-3209 was  awarded t o  E l e c t r o - o p t i c a l  Systems, Inc.  

(EOS) on 30 August 1965 t o  eva lua te  the  f e a s i b i l i t y  of t he  Pulsed Gas 

Chromatographic (PGC) separa t ion  technique. The PGC sepa ra t ion  s tudy 

had as i t s  o b j e c t i v e  the eva lua t ion  of t he  e f f e c t i v e n e s s  of a pulsed 

mode of o p e r a t i o n  i n  separa t ing  gases encountered i n  spacec ra f t  systems. 

A number of parameters were t o  be i n v e s t i g a t e d ,  including chromato- 

g raph ic  column s i z e ,  packing ma te r i a l  and temperature,  i n  conjunct ion 

w i t h  t h r e e  gas  mixtures:  80 percent  CO t o  20 pe rcen t  a i r ,  1 percen t  2 
CO t o  99 pe rcen t  a i r ,  and 80 percent  CII t o  20 percent  H2. 2 4 

The PGC technique i s  inhe ren t ly  l i g h t  i n  weight and o f f e r s  a 

p o s s i b l e  improvement i n  sepa ra t ion  e f f i c i e n c y  over p re sen t ly  a v a i l a b l e  

6997-Final 1 



gas  separa t ion  techniques.  Appl ica t ion  of t h e  PGC technique t o  l i f e -  

support  systems is  p r i n c i p a l l y  aimed a t  t h e  removal and c o n c e n t r a t i o n  

of  CO 

t h e  separa t ion  of gaseous products  from Bosch o r  Sabat. ier r e a c t o r s ,  

s e p a r a t i o n  of electrodialysis-reactibn products ,  cofltaminant removal, 

e t c .  I n  p r i n c i p l e ,  any simple gaseous mixture  can be separa ted  by 

the  PGC technique. 

and the  reclamation of  02. Other p o t e n t i a l  a p p l i c a t i o n s  inc lude  2 
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2. SUMMARY 

Work conducted under Contract  NAS2-3209 on the  PGC concept has  

demonstrated the  f e a s i b i l i t y  of s epa ra t ing  binary-gas  mixtures  based 

upon a pulsed-mode gas  adsorp t ion /desdrp t ion .  

eters a f f e c t i n g  s e p a r a t i o n  have a l s o  been demonstrated,  t h e  primary 

one being the  n e c e s s i t y  for adequate pumpdown (evacuation) of t h e  

s e p a r a t i o n  column between cyc les .  (Poor pumpdown r e s u l t s  i n  poor 

sepa ra t ion . )  

C e r t a i n  cr i t ical  param- 
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3.  PRINCIPLES OF PULSED GAS CHROMATOGRAPHY 

There are a number of p r i n c i p l e s  upon which c h m i c a l  s e p a r a t i o n s  

are based, such as d i s t i l l a t i o n ,  d i r f u s i o n ,  mass d i sc r imina t ion ,  

abso rp t ion ,  adsorp t ion ,  ex t r ac t ion ,  leaching ,  etc.  Each of t hese  

techniques i s  use fu l  under a c e r t a i n  set of boundary condi t ions .  For 

gaseous sepa ra t ions ,  under the boundary condi t ions  set up f o r  a space 

v e h i c l e ,  t hese  methods a r e  genera l ly  not  f e a s i b l e  due t o  g r a v i t y ,  

thermal energy, l a r g e  mass of  working f l u i d  requiretnents,  e tc .  One 

s e p a r a t i o n  technique,  gas  chromatogtaphy (based on adsorp t ion) ,  

appears  t o  have c e r t a i n  highly d e s i r a b l e  f e a t u r e s  such as g r a v i t y  

i n s e n s i t i v i t y ,  h igh  sepa ra t ion  e f f i c i e n c y  and low energy requirements.  

The convent ional  techniques of f r o n t a l  a n a l y s i s ,  displacement a n a l y s i s ,  

o r  e l u t i o n ,  are, however, unacceptable:  f r o n t a l  a n a l y s i s ,  because of  

poor component s epa ra t ion ,  and the la t te r  two because of the  r equ i r e -  

ment f o r  a l a r g e  flow of carrier gas.  

These o b j e c t i v e s  proved to be A stumbling block i n  our  th inking  

u n t i l  a system f o r  bypassing them was conceived. 

simple i n  p r i n c i p l e ,  and is a modi f ica t ion  of t he  f r o n t a l - a n a l y s i s  

technique combined w i t h  recent  advadces i n  preparative-column tech- 

nology. 

Thd! concept i s  q u i t e  

F ron ta l  a n a l y s i s  is  the  term used t o  desc r ibe  the  technique 

whereby a gas-mixture sample  is passed cont inuously through a n  adsorb- 

e n t .  Sepa ra t ion  i s  poor because t h e  use  of  continuous-sample i n j e c -  

t i o n  causes  a l a r g e  overlapping of  t he  va r ious  const i tuexl ts ,  even 

though the  gaseous components a r e  s e l e c t i v e l y  adsorbed and desorbed. 

Preparative-column chromatography i s  t h e  t e r m  used t d  d e s c r i b e  t h a t  

phase of  gas  chromatography (GC) dea l ing  w i t h  t h e  p repa ra t ion  of 

r e l a t i v e l y  l a r g e  volumes of pure chemicals us ing  r e l a t i v e l y  l a r g e  

diameter  columns. (The recent  GC l i t e r a t u r e  con ta ins  a number of 

papers  r e l a t i n g  t o  t h i s  subjec t . )  
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The modif icat ion t o  the  f r o n t a l - a n a l y s i s  technique which w e  pro- 

pose i s  t h e  u s e  of  a time-sequenced, p u l s e - i n j e c t i o n  system, whereby 

the  sample  is  r ap id ly  i n j e c t e d  i n t o  an  evacuated-separa t ing  column. 

The time-sequenced technique d i f f e r s  from t h e  convent iona l  adso rp t ion /  

heat-removal technique i n  t h a t  hea t ing  of the  column i s  no t  r equ i r ed .  

Gas sepa ra t ion  i s  accomplished by a n  adsorp t ion / f low process .  

s i m p l i f i e d  drawing of such a sequenced system f o r  t he  s e p a r a t i o n  of 

two gases  (A and B) i s  shown i n  Fig. 1. 

A 

Operation of the  device  i s  as fol lows:  , A gas mixture ,  i n  t h i s  

case  nonadsorbed A and h igh ly  adsorbed B,  i s  r a p i d l y  i n j e c t e d  i n t o  the  

column a t  t i m e  ( to )  from t h e  feed gas manifold.  

tendency t o  be adsorbed than gas  B, w i l l  d i f f u s e  mueh more r a p i d l y  

through the  column than  w i l l  gas B. 

o u t l e t  valve p r i o r  t o  gas B. 

t he  v a l v e  opens, pe rmi t t i ng  gas  A t o  flow t o  f t s  outLet  l i n e .  When 

gas B s t a r t s  t o  arr ive a t  t he  o u t l e t  valve (t ) t h e  va lve  switches 

t o  feed  i n t o  the  gas  B o u t l e t  l i n e .  Pressures  t r a c k d  taken a t  t h e  

i n l e t  and o u t l e t  of t h e  sepa ra t ion  column would look somewhat l i k e  

t h a t  shown on Fig.  2 .  

convent ional  a n a l y t i c a l - g a s  chromatography. 

somewhat overlapping type of s e p a r a t i o n  w i l l  occur .  The mixed-gas 

band i s  due t o  nonuniform gas d i s t r i b u t i o n  both thrbdgh and a c r o s s  

Gas A ,  having less 

Gas A w i l l ,  t hk fe fo re ,  reach  t h e  

When gas A reaches  the o u t l e t  va lve  (t,), 

2 

Note t h a t  gas s e p a r a t i o n  i s  hd t  t he  same as i n  

Ins t ead  of sharp  peaks,  

t he  column. One can, however, minimize t h i s  zone bL lengthening the  

column, having a uniform packing d e n s i t y ,  using smaller i n j e c t i o n  

volumes (by inc reas ing  the  i n l e t  p ressure)  and by using high e f f i c i e n c y  

columns. 

gas B i n  gas A is s m a l l .  

The mixed-gas zone w i l l  a l s o  be minimal i f  t he  percentage of  

A t yp ica l  case f o r  such a s e p a r a t i o n  would be  a space-vehicle  

atmosphere containing oxygen and carbon d ioxide .  

were t o  use  a column conta in ing  s i l i c a - g e l  o r  Poropak, 

come through the  column f i r s t ,  then C02. 

i n  less than 2.5 volume percent ,  the  mixing zone w i l l  be minimal. 

Itl t h i s  case, i f  one 

oxygen would 

Since the  C02 w i l l  be  present  

An 
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o u t l e t  pressure- t ime p l o t  f o r  t h i s  system a c t u a l l y  would look l i k e  

F ig .  3 .  ("he C02 and mixed-gas zones are  g r e a t l y  exaggerated.)  

I n  the i d e a l  case,  w i th  p e r f e c t  t ime-phase s e p a r a t i o n  between 

the  two gas phase c o n s t i t u e n t s  (A and B), no overlapping of gases  

w i l l  occur  i n  the e f f l u e n t  of  the  s e p a r a t i o n  column. Thus a t i m e -  

concent ra t ion  graph would look as shown i n  F ig .  4 .  The i n t e r p r e t a t i o n  

of t h i s  graph (Case I) i s  simply t h a t  from i n j e c t i o n  t i m e  0 u n t i l  t i m e  

X ,  t h e  column e f f l u e n t  i s  100 percent  c o n s t i t u e n t  A .  A t  t i m e  X ,  a l l  

of t h e  cons t i t uen t  A has  evolved and c o n s t i t u e n t  B s ta r t s  t o  evolve 

(a t  t he  100 percent  concen t r a t ion  l e v e l ) .  A t  t i m e  Y ,  a l l  of c o n s t i t -  

uent  B h a s  evolved and t h e  cyc le  i s  ready to  begin Again. 

I n  a column i n  which A and B a re  overlapped f o r  a p o r t i o n  of t he  

cyc le  b u t  a r e  completely separa ted  a t  the  i n i t i a l  and f i n a l  po r t ions  

of  t he  cycle ,  the t ime-percent  c h a r t  would appear  a s  shown i n  F ig .  5 .  

Thus, f o r  Case I1 (Fig. 5) between t i m e  0 and X ,  t he  e f f l u e n t  i s  100 

percent  A .  Between times X and Y t he  e f f l u e n t  i s  mixed A and B .  

Between times Y and Z t he  e f f l u e n t  i s  100 percent  B.  

I n  the case where t h e  i n i t i a l  s e p a r a t i o n  i s  good but  t he  over lap  

i s  extensive f o r  t he  f i n a l  gaseous e f f l u e n t ,  one would o b t a i n  a curve 

such as shown i n  Case 111 (Fig.  6 ) .  Between t i m e s  0 and X ,  t he  

e f f l u e n t  i s  100 percent  A .  However, between t i m e s  X and Y ,  the  

e f f l u e n t  i s  mixed A and B.  

When one does not  completely purge t h e  i n j e c t e d  sample between 

cyc le s  and has  poor s e p a r a t i o n  e f f i c i e n c y ,  a f o u r t h  case occurs ,  as  

shown i n  Fig. 7 .  

Thus a t  t i m e  0 ,  the  e f f l u e n t  con ta ins  r e s i d u a l  gas from the  p r e -  

v ious  run  which i s  p r i n c i p a l l y  B p lus  new cyc le  gas  which i s  p r i n c i -  

p a l l y  A .  A t  t i m e  Y ,  the  e f f l u e n t  i s  mainly B.  Between t i m e s  Y and Z 

t he  concent ra t ion  of Y g radual ly  i n c r e a s e s .  

The case of complete f a i l u r e  t o  s e p a r a t e  i s  given i n  Fig.  8. 

I n  a l l  o f  t h e  preceding d iscuss ion ,  we have orily considered 

sepa ra t ion  as  a func t ion  of  concen t r a t ion  and t i m e .  A t h i r d  f a c t o r  

6997-Final 8 
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must a l s o  be included i n  order  t o  prov5.de engineer ing  d e s i g n  informa- 

t i o n .  This f a c t o r  i s  t h e  mass-flow ra te  as a f u n c t i o n  o f  t i m e .  I n  

t h e  case of the  PGC technique, a u s e f u l  p r e s e n t a t i o n  i s  shown i n  

Fig.  9 ( f o r  t h e  i d e a l  case). Here aga in ,  from t i m e  0-X a l l  of compo- 

n e n t A  i s  e l u t e d ,  thus a mass f r a c t i o n  of 1.0 i s  reached a t  t i m e  X. 

Between X and Y, a l l  of component B i s  e l u t e d .  

The nonideal cases would l o o k  a s  fo l low i n  Fig.  10. 

6997-Final 12 
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4. EXPERIMENTAL APPARATUS 

During t h e  course of the  program, d number of s i g n i f i c a n t  va r i a -  

t i o n s  i n  experimental  apparatus  were employed, These v a r i a t i o n s ,  i n  

genera l ,  came about a s  a r e s u l t  of l i m i t a t i o n s  placed upon the  test  

r e s u l t s  due t o  system cons t r a in t s .  Each of t he  majof v a r i a t i o n s  i s  

descr ibed i n  the  following sec t ions  along wi th  equipment c a l i b r a t i o n  

procedures.  

4 .1  In i t i a l  System Design a,nd Operation 

The des ign  of the  i n i t i a l  t e s t  apparatus  i s  shown schemati- 

cally i n  Fig.  11. Components of t h e  appara tus  were as follows: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Separa t ion  column (with p tov i s ion  f o r  hea t ing)  

Solenoid va lves  

Cycle timers 

Column vacuum system 

F ive - s t a t ion  thermocouple vacuum gauge 

McLeod gauge 

Gas sample b o t t l e  

Mercury r e s e r v o i r  

C a l i b r a t i o n  mixture manifold 

U- tube manometer 

Analys is  chromatograph 

Analysis  vacuum system 12. 

The s e p a r a t i o n  column cons is ted  of a s t a i n l e s s - s t e e l  tube packed wi th  

a n  adsorbent  material s u i t a b l e  f o r  Che gas separa t io i l  t o  be made. 

Five-column m a t e r i a l s ,  i . e . ,  molecular s i e v e s ,  s i l i c a  g e l ,  s i l i c o n e  

rubber ,  and a n  organic  amine were evaluated i n  conjudct ion wi th  t h r e e  

gas mixtures:  

percent  a i r ,  and 80 percent  CH4 t o  20 percent  H2. 

heated (when required)  by using a hea t ing  tape regula ted  by a Variac.  

80 percent  C02 t o  20 percent  a i r ,  1 percent  C02 t o  99 

?he column was 
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Solenoid va lves ,  i n  conjunct ion wi th  d r ecyc l ing  t i m e r  appara tus ,  

Fig. 12 were used t o  sequence the  i n j e c t i o n  and remodal of t he  va r ious  

gas  mixtures.  

Timer No. 1 c o n t r o l s  t h e  length  bf t h e  in j ec t io r i  pu lse  i n t o  the  

s e p a r a t i o n  column, and can  provide i n j e c t i o n  times 02 tip t o  60 seconds. 

Timer No. 2 c o n t r o l s  the length of t he  t o t a l  cyc le  c o n s i s t i n g  of 

sampling time and pumping time. These can be as long, Bs 180 seconds. 

Timer No. 2 a l s o  resets Timer No. 1, ensuring t h a t  t he  next  cyc le  

(beginning wi th  gas  i n j e c t i o n )  w i l l  nd t  begin u n t i l  thk previous one 

i s  completed. 

as follows. 

The opera t ing  sequence of the  sys t em may be summarized 

I n j e c t i o n ,  sampling, and pumpdowh dura t ion  are set on the  appro- 

p r i a t e  t i m e r s .  The cyc le  i s  begun by Timer No. 1 enerk iz ing  the  i n j e c -  

t i o n  solenoid valve,  a l lowing a pulse  of gas mixture t o  e n t e r  t h e  

sepa ra t ion  column. Simultaneously Timer No. 2 opens the gas-sampling 

so lenoid  valves, which remain open fot t h e  du ra t ion  of t h e  sampling 

time, al lowing the  separa ted  gas stream t o  flow through the  sampling 

b o t t l e .  A t  t h e  end of t he  sampling i n t e r v a l ,  t he  sampling va lves  are 

closed and the  pumpdown va lve  is  openkd, enabl ing the  Lampling b o t t l e  

t o  be removed f o r  a n a l y s i s  while  the  sepa ra t ion  column i s  purged. 

The next  cyc le  begins  when the pumpdoun time has  elapsed. 

Following c o l l e c t i o n  of the gas  sample, whiah i s  tit a sub- 

atmospheric pressure ,  i t  is  compressed i n  the  sampling b o t t l e  by the  

use of mercury compression from the  r e s e r v o i r .  

by i n j e c t i o n  i n t o  the  a n a l y t i c a l  gas  chromatograph. 

It  is then analyzed 

A manual switching arrangement allows f o r  automatic  cyc l ing  t o  

be bypassed, i f  des i red .  

One of the  vacuum pumps is u t i l i P e d  as the  pr ime mover of t h e  

sepa ra t ion  system. The use of a vacuum o r  pressure g rad ien t ,  as the  

sepa ra t ion  d r iv ing  f o r c e  i n  conjunctibn wi th  a plilsed &ode o f  opera- 

t i o n ,  r e p r e s e n t s  t he  major d i f f e rence  between PGC and convent ional  

chromatographic sepa ra t ion  techniques4 The o t h e t  vacuum system i s  
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used, by manipulat ing t h e  appropr ia te  va lves  i n  the  system, t o  evacu- 

a te  the  var ious  l i n e s  and manifolds p r i o r  t o  compressing t h e  gas 

sample, and a l s o  t o  purge t h e  sample i n l e t - v a l v e  assembly on t he  

Chromatograph be fo re  i n j e c t i n g  a sample f o r  ana lys i s .  

i n  t he  system are monitored by means of a Veeco 5 - s t a t i d n  thermocouple 

vacuum gauge. The thermocouple sensors  are loca ted  a t  C r i t i c a l  areas 

i n  t h e  two-vacuum-system l i n e s ,  as shown i n  Fig.  11. 

manometer gauge i s  a l s o  i n  the  system as a c a l i b r a t i o n  $auge. 

Vacuum l e v e l s  

A McLeod t i l t i n g  

Following compression of  t he  gas,  i t  i s  analyzed Q i t h  an  FM 

Model 720 gas chromatograph. 

s e p a r a t i o n  a n a l y s i s  by using the fol lowing parameters: 

The instirument w a s  opt imiied f o r  A i r - C 0 2  

Column: 1 /4  i n .  D x 12 i n .  L s i l i c a  g e l  130 mesh a t  25OC 

Carrier gas:  H e l i u m ,  a t  55-60 cc/min 

Detector:  Thermal conduc t iv i ty  type,  k i t h  b r idge  cu r ren t  

set a t  178 mA 

Sample s i z e :  2 cc  

The column w a s  p r e t r e a t e d  by baking a t  150°C f o r  24 houts .  A s h o r t ,  

130-mesh s i l i c a - g e l  column was  chosen as t he  b e s t  comprdmise between 

good sepa ra t ion  of t he  a i r - C O  

and minimum t a i l i n g  of t he  CO peak. 

of t he  a i r  and CO 2 
t h i s  s e t  of parameters. 

s i g n a l s ,  sharp peaks f o t  both gases ,  

Reproducib i l i ty  of t h e  r a t i o s  

peak he ights  has  been found t o  be velfy good wi th  

2 

2 

4.2 Mass Flowmeter Modification 

The fol lowing add i t iona l  equipment w a s  incorpdrated i n t o  

the  test  appara tus  t o  provide the  flow-rate-measurement c a p a b i l i t y ;  

1. Mass flowmeter 

2.  Flow t o t a l i z e r  

3. Ibo co ld - t r aps  

4. Gas-drying tube 

The mass flowmeter i s  composed of a flow tran$ducer and 

matched-signal condi t ioner .  

l i n e a r l y  wi th  mass-flow r a t e  through the  flow t ransduce t .  The 

The output  i s  a dc vo l t age  which v a r i e s  
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t r ansduce r  mass-flow range i s  0-0.4 lb lmin  and t h e  f u l l  scale output  

i s  5 v o l t s  f o r  maximum-flow rate .  The e f f l u e n t  from t h e  column vacuum 

pump i s  demisted of o i l  vapors through a cascade of two c o l d - t r a p s  

b e f o r e  t ransmi t ted  through t h e  t ransdbcer .  The c h a r t  r eco rde r  traces 

t h e  ins tan taneous  output  of t he  t ransducer .  The ou tpu t  i s  a l s o  

i n t e g r a t e d  even a t  ze ro  flow. 

v o l t a g e  from the t ransducer  and t h i s  leakage va lue  must be  s u b t r a c t e d  

from t h e  f i n a l  va lue  t o  o b t a i n  t h e  a c t u a l  va lue .  

This i s  caused by a cbns t an t  leakage 

A gas-drying tube was added t o  e l i m i n a t e  water vapor as a 

p o s s i b l e  v a r i a b l e  dur ing  i n i t i a l - f e a s i b i l i t y  t e s t i n g &  It i s  r e a d i l y  

acknowledged t h a t  water vapor i s  a n  important v a r i a b l e  i n  t y p i c a l  

a i r - C O  sepa ra t ions ,  bu t  i t  w a s  f e l t  a t  t h i s  t i m e  i t  might mask o t h e r  

r e s u l t s .  
2 

Deleted from the  test  appara tus  a t  t h i s  time was the  t i l t i n g  

manometer, which had served i t s  use fu lness  and w a s  nb longer needed. 

A schematic o f  t h e  modified appara tus  i s  shown o h  Fig. 13. 

4.3 F i n a l  System Modif ica t ion  

Based on tes t  r e s u l t s  and obse rva t ions  of p re s su re  i n s t r u -  

menta t ion  on the  PGC column dur ing  t e s t i n g ,  i t  w a s  apparent  t h a t  many 

of the  columns previous ly  s tud ied  were no t  s a t i s f a c t o r i l y  purged w i t h i n  

a c y c l e  before  s t a r t i n g  a second cyc le .  

made i n  a d j u s t i n g  the  s e v e r a l  column parameters t o  r e a l i z e  a reasonable  

pumpdown t i m e .  

Continubus e f f o r t s  had been 

The ranges of  change of  t h e s e  parameters are as follows: 

Parameter Range o f  Change 

Column Diameter Ftom l / 4  t o  314 i h .  

Column Length From 72 to  6 i n .  

I n j e c t i o n  T ime  From 15 t o  5 sec 

I t  was observed t h a t  t he  314 x 6- in .  and 314 x 12- in .  s i l i c a  

g e l  columns both r equ i r ed  4 minutes t o  reach l-m Hg of p re s su re .  This 

i n d i c a t e d  t h a t  t he  pumpdown t i m e  cannot be  f u r t h e r  r&duced by reducing 

t h e  l e n g t h  o f  t he  3/4-in-diameter column. A t e s t  w a s  then performed 
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by connecting a 3 / 4  x 6-in.  s i l ica  g e l  column d i r e c t l y  t o  t h e  vacuum 

pump. It  was observed t h a t  by b y p a s s h g  t h e  sampling p o r t i o n  of t h e  

appa ra tus ,  the column w a s  pumped down t o  below l -mm Hg of  p r e s s u r e  

w i t h i n  30 seconds. 

t h e  l a r g e s t  de lay  i n  pumpdown t i m e .  

appa ra tus  was t h e r e f o r e  modified by r e p l a c i n g  t h e  so lknoid  va lves  w i t h  

g l a s s  stopcocks and t h e  1/8-in. l i n e s  wi th  3/16-in.OD vacuum tubings .  

The schematic of the  modified test appa ra tus  i s  shown i n  Fig.  14. 

Thus t h e  sample l i ne  impedance has  accounted f o r  

The sampling p o r t i o n  of t he  t es t  

4 . 4  Gas Chromatograph C a l i b r a t i o n  

A s  t he  va r ious  gas-mixture samples  are analyaed on t h e  gas 

chromatograph, r a t i o s  of peak h e i g h t s  of a i r  and C 0 2  h i e  ob ta ined .  

I n  order  t o  determine the  e x t e n t  of s e p a r a t i o n  by t h e  dystem, i t  i s  

necessary  t o  convert  t hese  r a t i o s  t o  r e l a t i v e  concen t t a t ions  of t he  

two gases.  

t u r e s  f o r  which peak h e i g h t  r a t i o s  were obta ined .  

t hus  w a s  drawn, which allows volume pe rcen t  C 0 2  t o  b e  f ead  d i r e c t l y  

once t h e  peak he igh t  r a t i o  o f  an unkndwn mixture,  i s  obtained. 

This has been accomplished by the  use of s t anda rd  gas m i x -  

A c d l i b r a t i o n  p l o t  

'Ihe s tandard  gas mixtures w&re produced by evacuating a 

sample b o t t l e  t o  the lowest p o s s i b l e  $ystem p res su re  (4: 50 micron) 

and b a c k - f i l l i n g  w i t h  pure C 0 2  t o  a c e r t a i n  subatmospheric p re s su re  

a s  read  on the  U-tube manometer. The b o t t l e  w a s  then  brought up t o  

atmospheric p re s su re ,  o r  j u s t  below i t ,  by admi t t i ng  air  i n t o  t h e  

system. Since t h e  r a t i o  of CO p re s su re  t o  the  t o t a l  system p res su re  

i s  equiva len t  t o  the volume percent  of CO i n  t h e  b o t t l e ,  any c a l i b r a -  

t i o n  mixture may then be made. 

s e l e c t e d  samples were analyzed mass spec t romet r i ca l ly .  Resu l t s  of  

t h e  m a s s  spec t romet r ic  a n a l y s i s  showed d e v i a t i o n s  o f  < fl percent  from 

t h a t  ca l cu la t ed  by p res su re  measuremeht. Figure 15 $haws t h e  r e s u l t s  

ob ta ined  of air/C02 mixtures .  

2 

2 
A s  a double check on obr procedure, 

A s  wi th  t h e  CO -a i r  system, volumetr ic  c a l i b r a t i o n  p l o t s  2 
a r e  requi red  f o r  t he  methane and hydrogen gas chtomatograms t o  

determine the e x t e n t  of s e p a r a t i o n  by t h e  PGC technique. The 

6997-Final 22 



2 a c 

n 

it 
~1 I 

E 
3 

699 7 -Firm 1 23 

2 H 

E 



0 20 40 60 80 100 

PERCENT C02 
FIG. 15 CALIBRATION PLOT FOR AIR-CO, MIXTURES 

6 9 9 7 -F ina 1 24 

7 3 6 2 0 5 5 9  



1 

8 
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techniques used i n  prepar ing  standard CO -air mixtures f o r  c a l i b r a t i n g  

the  chromatograph, however, could no t  be used. Therefore a c a l i b r a -  

t i o n  p l o t  which allowed the  volume percent  of each gas to  be  read 

d i r e c t l y  from peak he igh t  r a t i o s  w a s  not f e a s i b l e .  Other techniques,  

2 

consequently,  w e r e  adopted for  ob ta ih ing  c a l i b r a t i o n  p l o t s  of methane 

and hydrogen gases .  

I f  t he  sepa ra t ion  of a gas mixture by the  a n a l y s i s  column 

i s  good, t he  composition of the gas mixture may be analyzed by reading  

d i r e c t l y  from a c a l i b r a t i o n  p lo t  of peak he igh t  versus  p re s su re  

(concentrat ion)  f o r  each gas  component. 

mixtures using a thermal conduct iv i ty  d e t e c t o r ,  an  a d d i t i o n a l  problem 

arises; namely, when using standard c a r r i e r  gases such as H e ,  N2 and 

A ,  t he  d e t e c t i o n  s e n s i t i v i t y  is n o t  uniform. Thus, when using He a s  

a carrier, s e n s i t i v i t y  f o r  H i s  very poor whi le  CH s e n s i t i v i t y  i s  

e x c e l l e n t .  Conversely, when using N o r  A as the  cartier, s e n s i t i v i t y  

f o r  H i s  e x c e l l e n t  wh i l e  CH s e n s i t i v i t y  is  poor. A compromise w a s  

reached by using a carrier composed of 50 percent  H e  and 50 percent  N2. 
I n  t h i s  case, the  d e t e c t o r  e l e c t r i c a l  output  was reversed between the  

H and CH peaks t o  main ta in  a p o s i t i v e  trace on t h e  recorder .  

I n  the  case bf H2 and CH4 

2 4 

2 

2 4 

2 4 

1 /4  x 24-in. s i l icon-rubber-analyzing column are shoW i n  Figs .  16 and 

1 7  r e s p e c t i v e l y .  Another set  of c a l i b r a t i o n  curves f o r  methane and 

hydrogen using a 1 / 4  x 36-in.  molecular-sieve-analyzing column are 

shown i n  F igs .  18 and 19 respec t ive ly .  Sil icon-rubbed column y i e l d s  

a more l i n e a r  hydrogen p l o t ,  w h i l e  the  s i eve  y i e l d s  a more l i n e a r  

methane p l o t .  

change p o l a r i t y  a t  low pressures ,  i .e. ,  below 100-mm dg fo r  t he  

s i l i cone - rubbe r  column and below 250-mm Hg f o r  t h e  molecular-s ieve 

column. Due t o  t h i s  r e v e r s a l  e f f e c t ,  accu ra t e  low-petcentage H con- 

c e n t r a t i o n s  could not  be obtained. T e s t  r e s u l t s  were the re fo re  

analyzed mass-spec trometr i c a l l y  . 

The c a l i b r a t i o n  curves f o r  methane and hydrogen using a 

The hydrogen curve f o r  both columns, hdwever, begins t o  

2 
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4.5 C a l i b r a t i o n  Curves f o r  Mass Flowmeter 

Ind iv idua l  c a l i b r a t i o n  curves of  t ransducer  output  v o l t a g e  

and mass flow f o r  C 0 2  and a i r  were furn ished  by t h e  mhnufacturer. 

S ince  t h e  t ransducer  output  vo l t age  i s  l i n e a r  w i t h  che mass-flow r a t e  

of t h e  ind iv idua l  gas ,  i t  w a s  assumed t h a t  flow rates f o r  mixtures  of 

CO and a i r  could be  made by l i n e a r  i n t e r p o l a t i o n  o f  t he  C02-air 

c a l i b r a t i o n  curves .  C a l i b r a t i o n  curves  f o r  CO - a i r  mixtures  were con- 

s t r u c t e d  and are shown i n  F igs .  20 ahd 21 .  A one-poiht  check w i t h  

t h e  80 percent  C02 t o  20 percent  a i r  mixture  t o  v e r i f y  t h i s  assumption 

w a s  done as fol lows:  

2 

2 

Conditions:  80 percent  COP, 20 percent  a i r  mixture ,  i n l e t  

p r e s s u r e  s e t t i n g  a t  5 ps ig .  L 

1. Flow-rate measurement a t  5 p s i g  by displaaement  method. 

Volume flow = 145 cc/sec 

Mass flow = (0.145) (1.85 :) (296) (454/ (66) 273 1 

= 0.0327 lb/min 

2. From l i n e a r  i n t e r p o l a t i o n  o f  C02-air t ransducer  v o l t a g e  - 

mass flow curves 80 percent  CO 20 percent  a i r  a t  

0.0327 lblmin = 0.147 v o l t  
2’ 

3. Transducer vo l t age  f o r  80 pe rcen t  CO 20 percent  a i r  a t  2’ 
5 p s i g  s e t t i n g  = 0.150 v o l t  

4 .  Error  c a l c u l a t i o n s  : 

a. Comparative e r r o r  = 0.003 v o l t s  o r  2 percent  which 

would r e p r e s e n t  0.5 pe rcen t  change i n  CO concentra-  

t i o n  
2 

Tests were conducted on a 314 x 24-in.  column packed wi th  

6-16 mesh s i l i c a  g e l .  The column e f f l u e n t  i s  pumped through two cold-  

t r a p s  t o  remove the  o i l  vapor p r i o r  t o  be ing  t r ansmi t t ed  i n t o  t h e  flow 

t ransducer .  Cold t r a p s  were found t b  be more e f f i c i e t l t  i n  removing 

o i l  vapor than f i l t e r s  and a l s o  t r a p s  have much less p res su re  drop. 

The response t i m e ,  which i s  t h e  de lay  t i m e  between t h e  e f f l u e n t ’ s  e x i t  
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from the  column and i t s  measurement by t h e  t ransducer ,  is approximately 

0.1 second. 

C02, 20 percent  a i r  and a t o t a l  c y c l e  t i m e  of 180 secbnds i s  shown i n  

Fig.  22. This  curve g ives  t h e  ins tan taneous  t ransducer-vol tage out-  

p u t  f o r  t h e  G O 2 - a i r  e f f l u e n t .  

mass flow of the  ind iv idua l  gas, t he  sepa ra t ion  curve for 80 percent  

CO t o  20 percent  a i r  and the  c a l i b r a t i o n  curve for CO1-air w e r e  used. 

The r e s u l t s  of th is  d a t a  reduct ion  process  are a p l o t  bf t he  mass-flow 

c h a r a c t e r i s t i c  of C02 and a i r  i n  t h e  column efflulent and are shown i n  

Fig.  23. This curve,  however, only q u a l i t a t i v e l y  i l l u s t r a t e s  t he  

sepa ra t ion  of CO and a i r .  

An output  t r a c e  f o r  a 5 second i n j e c t i o n  df 80 percent  

To reduce t h i s  curve i n t o  ins tan taneous  

2 

2 

6 9 9 7 - Fina 1 33 
b 

8 



8 
8 

0 
9 
c 

I 1 I 1 I I I 

I I I 1 I 

0 
2 

0 s 

s 
c 

8 c 

s 

s 

c 

c 

0 
0 
c 

0 
9 

0 
w 

8 

0 

Y) 
’0 
E 

Q) 
8 
Y) - 

W 

6997-Final 3 4  



I 

- 

0 

69 9 7 -Fina 1 35 

0 
Q) 
c 

0 
.o 
c 

0 * 
c 

$ 
c 

t 

0 
9 

s 

73621771 



8 
I 
1 
1 
8 
8 
8 
8 
8 
8 
I 
I 
8 
8 
I 
I 
il 
8 
I 

5. EWERIMENTAL PROGRAM 

5.1 In i t i a l  T e s t  Resu l t s  

The test program w a s  designed t o  evaluate the  fol lowing 

v a r i a b l e s  on PGC column performance. 

1. Column length 

2. Operating temperature 

3. Column diameter 

4. I n j e c t i o n  volume 

5. I n j e c t i o n  p res su re  

6. Column-packing ma te r i a l  

7. Moisture-removal equipment 

Three gases  were inves t iga t ed  during t h e  course of t he  program; 80 
percent  CO t o  20 percent  a i r ,  1 percent  CO t o  99 petdent  a i r ,  80 

percent  CH 
2 2 

4 
I n i t i a l  t e s t i n g  w a s  conducted using t h e  80 percent  CO t o  

2' t o  20 percent  H 

2 
20 percent  a i r  mixture, a 2-foot coltmln length and a 200-mesh s i l ica  

g e l  packing material. Various gas - in j ec t ion  times and cyc le  t i m e s  

w e r e  i nves t iga t ed .  The e f f e c t  of temperature w a s  i nves t iga t ed  a t  

25'C and 5OoC. Two column diameters, 3/8- in .  and 3 / 4 - h . ,  were tested. 

The sepa ra t ion  system parameters were v a r i e d  according t o  

the  following schedule:  

I n j e c t i o n  times: 5 and 15 seconds 

Sampling t i m e s  : 5 ,  10, 15,  25, 35, 45 add 55 seconds 

Tota l  cyc le  t i m e s :  1, 1-1/2, 2 ,  and 3 minutes 

R e s u l t s  of t he  experiments conducted are presented i n  two forms: 

(1) the  d a t a  are shown i n  t a b u l a r  fortll, and (2) t hese  da t a  are then 

p l o t t e d  a s  concent ra t ion  of CO versutl sampling t i m e  f d r  each i n j e c -  

t i o n  per iod and t o t a l  cyc le  durat ion.  Tables 1 through 12 present  

t h e  t abu la r  da ta .  Figures  24 through 35 present  the  g faph ica l  da t a .  

2 
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TABLE 1 
SEPARATION DATA (Fig. 24) 

8oqb C02, 2 9  Air 

3/8" x 24" Silica Gel at 25OC 

1/4" x 12" Silica Gel at 25OC 

GAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS COLUMN 

SAMPLE 
TIME 
(SEC.) 

5 

10 

14.5 

26 

34 

45.5 

54 

6997-Final 

TOTAL 
CYCLE 
(SEC.) 

180 

180 

180 

180 

180 

18 0 

18 0 

AIR 
PEAK 

96.0 

64-0 
110.4 
72.8 
62.0 
43.2 
30.0 

20.0 
15.6 
9.8 
80 8 

5.3 
4.2 
6-4 

38 

~~ 

c02 
PEAK 

4.9 
3.5 
4.2 
2.8 

35.0 
22.8 
30.4 
18-4 
20.8 
12.8 
13.4 
7.6 
8.9 
13.4 

AIR: 
co2 
RATIO 

19.6 

18.3 
26.3 
26.0 
1.77 
1.89 
0.99 
1.08 

0.78 
0.76 
0.65 
0.69 
0.47 
0.48 

VOL. B 
c02 

13.5 
14.0 
10.5 
10.5 
57 .O 
54 .O 
71.0 
69.5 
75.0 
76.0 
79 .o 
78.0 
84 .O 
83.5 

8 
8 
I 
1 
I 
8 
I 
I 
8 
8 
8 
8 
I 
8 
1 
1 
1 
1 
I 
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60  

50 

4 0  

30 

20 

10 

T = 2 5 Y  
3/8 in. x2ft Si02 COL 

I 1 1 1 i I I .  . I 1 
0 10 20 30 40 50 60 76 80 90 100 

VOLUME % CO, 
FIG. 24 SEPARATION PLOT (80% C02 - 20% Aitr,  15-second injection, 

180-second cycle) 
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TABLE 2 

SEPARATION DATA (Fig.  25) 

8 6  CO?, 2@ A i r  

3/8" x 24" S i l i c a  G e l  a t  25OC 

1/4" x 12" S i l i c a  G e l  a t  25OC 

GAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS COLUMN - 

INJECTION 
TPlE 

(SEC. ) 

15 

SAMPLE 
T 1M.E 

(SEC. ) 

5 

10 

16 

25 

36 

45.5 

54 

TOTAL 
CYCLE 
(SEC. ) 

120 

120 

120 

120 

120 

120 

120 

A I R  
PEAK 

64.8 

44.8 

120.0 

83.2 

166.4 

118.4 

30d8 

2 1 * 2  

12.8 

10.2 

66 2 

3.9 

6.6 

co 2 
PEAK 

3.4 

2.4 

9. G 

7.5 

21.2 

13.4 

24.4 

15.6 

14.8 

17.0 

9.8 

7.8 

14.5 

AIR:  

RAT I O  

19.06 

co2 

18.67 

12. so 
11.69 

7.45 
/ 

8.84 

1.26 

1.36 

0.86 

0.60 

0.64 

0.50 

0.45 

VOL. k 
c02 

13.5 

14.0 

18.5 

20 .o 
25.0 

23 .O 
65.0 

63 .O 
73 .O 
80 .O 

79 .o 
83 .O 

84 .O 
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FIG. 25 SEPARATION PLOT (80% C02 - 20% Air, 15-second injection, 

12 0 -second cyc 1 e) 
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TABLE 3 

SEPARATION DATA (Fig. 26) 

GAS MIXTURE 8 9  CO,, 20$ A i r  - 
SEPARATION COLUMN 3/8" X 24" S i l i c a  G e l  a t  25OC 

ANALYSIS COLUMN 1/4" x 12" S i l i c a  G e l  a t  25'C, 

GAS MIXTURE 8 9  CO,, 20$ A i r  - 
SEPARATION COLUMN 3/8" X 24" S i l i c a  G e l  a t  25OC 

ANALYSIS COLUMN 1/4" x 12" S i l i c a  G e l  a t  25'C, 

INJECT I O N  
TIME 

(SEC. ) 

15 

SAMPLE 
TIME 

(SEC. ) 

16 

25.5 

36 

45.5 

54 

TOTAL 
CYCLE 
(SEC. ) 

90 

90 

90 

90 

90 

A I R  
PEAK 

56.8 

40,O 

26.4 

18.2 

12.6 

11.2 

6.3 

7.8 

4.5 

74 1 

6997-Final 42 

c02 
PEAK 

26.4 

18.2 

24.0 

15.6 

16.6 

12.8 

10.6 

12.6 

8.6 

16.4 

- 
AIR:  
co2 

RATIO 

2. 15  

2.20 

1. i o  
1.17 

0.76 

0.87 

0.59 
0.62 

0.52 

0.43 

- 

VOL. % 
c02 

51 .O 
50.5 

68.0 

67 .O 

76.0 

73 .O 
80.0 

79.5 

82 .O 

85.0 



8 
I 
8 
8 
I 
8 
I 
1 
I 
I 
B 

8 
I 
8 

8 
I 

e 

n 

SC 

40 

30 

20 

10 

1 I 1 1 i 1 I . :  I I 
0 10 20 30 40 50 60 70 80 90 100 

VOLUME % CO, 
FIG. 26 SEPARATION PLOT (80% C02 - 20% Air, 15-second injection, 

90-second cycle) 
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TABLE 4 

SEPARATION DATA (Fig.  27) 

8 9  CO , 204 A i r  

3/8" x 24" S i l i ca  G e l  a t  25OC 

1/4" x 12" S i l i c a  G e l  a t  25OC 

GAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS C C "  

SAMPU 
TIME 

(SEC. ) 

5 

10 

16 

25 

35 

45 

54 

3 

69 9 7 -F ina 1 

TOTAL 
CYCLE 
(SEC.) 

60 

60 

60 

60 

60 

60 

60 

60 

AIR 
PEAK 

192.0 

144.0 

105.6 

89.7 

52.2 

70.4 

41.6 

45.6 

33.2 

14.8 

Id. 6 

8.7 

6.1 

5.8 

3.7 

5.95 

8.1 

6.2 

44 

c02 
PEAK 

16.0 

12.2 

23.2 

16.4 

11.6 

31.6 

19.2 

22.8 

13.4 

15.8 

10.0 

12.4 

9.6 

12.8 

7 . 1  

22.6 

13.1 

8.1 

AIR: 

RAT I O  

12.0 

11.8 

4.6 

5.2 

4.8 
2.21 

2.16 

2.0 

2.45 

0,94 

1.06 

0.70 

0.64 

0.45 

0.52 

0.26 

0.62 

0.77 

co2 
VOL. s 
c02 

19 .o 
19 .o 
34 .O 

31.5 

32.5 

50 .O 
50 .O 

53 .O 

47 .O 

71.5 

69 .O 
77 .O 
79 .o 
84.0 

82 .O 

91.0 

79 .O 

75.5 



1 = 25.C 

60  

5 0  

U 
Q) 
v) - 40 UJ 

c - 
c 
UJ 
4 
a 30 
=E 
Q: 
cn 

20 

10 

0 10 20 30 40 50 60 70 80 90 100 1 
8 VOLUME % CO, 

FIG. 27 SEPARATION PLOT (80% CO, - 20% Air, 15-second injection, 
L 

60-second cycle) I 
I 6997-Final 45 
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TABLE 5 

SEPARATION DATA (Fig.  28) 

8 9  C02, 20$ A i r  
GAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS COLUMN 

3/8" x 24" S i l i c a  Gel a t  250C1 

1/4" x 12" S i l i c a  Gel a t  25OC. 

INJECT I O N  
TIME 

(SEC. ) 

5 

SAMPLE 
TIME 

(SEC. ) 

4 

10 

13.5 

26 

34 

44 

56 

TOTAL 
CYCLE 
(SEC.) 

180 

180 

180 

180 

180 

180 

180 

AIR 
PESAK 

51d. 0 

493.0 

118.4 

66.8 

49.6 

20.6 

12.6 

12.6 

6.5 

li. 2 

8 . 5  

8.7 

5.2 

c02 
PEAK 

--- 
--- 
5.6 

3 .1  

2.2 

22.9 

13.6 

12.9 

9,05 

3,1 

24 5 

12.2 

6.0 

AIR: 

RAT I O  
GO2 

21 r  14 

21.55 

20.73 

0490 

0.93 

0498 

04 94 

3 4  61 

3440 

0471 

0.87 

VOL. s 
c02 

--- 
--- 
12.5 

12.5 

13.0 

72.5 

72 .O 
71.0 

72 .O 
39.5 

40 .O 
77 .O 
73 .O 

I 
1 
B 

1 
I 6997 -F ina l  46 
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FIG. 28 SEPARATION PLOT (80% C02 - 20% Air, 5-second injection, 

180-second cycle) 
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GAS MIXTURE 

TABLE 6 

SEPARATION DATA (Fig. 29) 

80% CO?,  2% A i r  . .  

INJECT I O N  
TIME 

(SEC. ) 

5 

6997-Final 

SAMPLE 
TIME 

(SEC.) 

5 

10 

14.5 

25 

35 

45.5 

55 

TOTAL 
CYCLE 
(SEC.) 

1 20 

120 

120 

120 

120 

120 

120 

A I R  
PEAK 

70.4 

45.6 

86.4 

56.0 

52.4 

32.8 

18.2 

11.0 

13.8 

8.8 

9.0 

5.3 . 

9.7 

5.85 

48 

c02 
PEAK 

8.7 

5.3 

6.75 

4.05 

30.0 

17.7 

21.2 

13.0 

22.8 

12.6 

11.4 

7.0 

17.4 

10.2 

- 
AIR: 

UTI0 

8.09 

8.60 

12.80 

13.83 

1.75 

co2 

1485 

01 86 

0485 

0 '61 

04 60 

0.79 

0.76 

04 56 

04 57 

VOL. % 
c02 

24 .O 
23 .O 
18.5 

17.5 

57 .O 

55.0 

74.0 

74 .O 

80 .O 
80 .O 

75.0 

76.0 

81.0 

81.0 



7c 

60 

50 

i I I I I I I I 1 
f = 2 S ° C  
314 in. x2ft  S i 0 2  COLWN 

0 10 20 30 40 50 60 70 80 90 100 

VOLUME% CO, 
FIG. 32 SEPARATION PUYT (80% C02 - 20% Air, 15-second injection, 

180-second cycle) 
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TABLE 10 

SPARATION DATA (Fig.  33) 

80 o / o  C02, 20 o / o  A i r  

3/8" x 24" Si02 a t  5OoC 

1/4" x 12" Si02 a t  25OC 

GAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS COLUMN 

J E C  T I  ON 
TIME 
(SEC .) 

5 

6997-Final 

SAMPLE 
TIME 
(SEC .) 

15 

5 

9.5 

25 

35.5 

55 

TOTAL 
CYCLE 
(SEC .) 

60 

60 

60 

60 

60 

60 

AIR 
PEAK 

20 .o 
14.2 

38.0 

24.6 

33.8 

25.4 

9.25 

5.80 

8.90 

5.40 

4.50 

2.52 

56 

O 2  
PEAK 

40.4 

29.2 

24.8 

15.5 

38.0 

29.2 

25.8 

14.9 

26.0 

14.4 

11.8 

6.18 

,AIR: 
co 
RAQIO 

0.495 

0 4486 

1 4 7 2  

l i 5 9  

0189 

0187 

0136 

Ob39 

0 ~ 3 4  

0.375 

0.38 

0 A41 

VOL.o]o 
co2 

83 .O 

83 .O 
57 .O 
60 .O 

73 .O 
73 .O 
87 .O 
86 .O 
88.0 

86.0 

86 .O 
85.0 



a 
v) 

70 

60 

so 

40  

30 

20 

10 

I I I 1 I 1 I I 1 
T=50°C 
=in. x 2 f t  SQCOlUMN 

6 99 7 -F ina 1 

0 10 20 30 40 SO 60 ?d 80 90 100 

VOCUMEX' CO, 

FIG. 33 SEPARATION PLOT (80% C02 - 20% Air, 5-second injection, 
60-second cycle) 
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TABLE 11 

SEPARATION DATA (Fig. 34) 

80 o / o  C 0 2 ,  20 o / o  A i r  

3/8" x 24" Si02 at 5OoC 

1/4" x 12" Sip2 at 25OC 

G A S  MIXTURE 

SEPARATION COLUMN 

ANALY S I  S COLUMN 

80 o / o  C 0 2 ,  20 o / o  A i r  

3/8" x 24" Si02 at 5OoC 

1/4" x 12" Sip2 at 25OC 

G A S  MIXTURE 

SEPARATION COLUMN 

ANALY S I  S COLUMN 

INJECTION 
TIME 
( SEC .) 

15 

6997-Final 

SAMPLE 
TIME 
( SEC .) 

55 

35 

25.5 

15 

10 

5 

TOTAL 
CYCLE 
(SEC .> 

60 

60 

60 

60 

60 

60 

A I R  
PEAK 

6.80 

3.95 

10 .o 
6.30 

21.2 

13.4 

31.6 

20.8 

40 .O 

29.6 

50.4 

32.6 

58 

c02 
PEAK 

20.4 

10.7 

28.6 

17 .2  

46.8 

28.8 

51.6 

34.0 

54.4 

37.6 

19.8 

11.8 

A I R :  

RATIO 
0.33 

0.37 

0.3g 

0.36 

0.43  

0.465 

0.61 

0.61 

0.735 

0.79 

2.35 

2.76 

c02 
VOL . 0 j o  

O2 

88 .O 
86.5 

87 .O 

87.5 

84.0 

83.5 

79.5 

79.5 

76.0 

75.5 

46 .O 
42.5 



it 
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r 

I 
E 
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t 
E 
IC 

a 

73620570 

70 I 1 I I I I I I I 
f=SO'C 
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FIG. 34 SEPARATION PLar (80% C02 - 20% Ait, 15-second injection, 

60-second cycle) 
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TABLE 12 
S P A R A T I O N  DATA (Fig. 35)  

20 O/O A i r  2' 
80 O/O CO I;iAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS COLUMN 

3/4" x 24" S i 0 2  at 5OoC 

l/4" x 12" S i 0 2  a t  25OC 

I N J E C T I O N  
TIME 
( SEC .) 

15 

6997-Final 

- 

SAMPLE 
TIME 
(SEC.) 

15 

25.5 

35.5 

55.5 

10 

5 

3 

TOTAL 
CYCLE 
(SEC .) 

60 

60 

60 

60 

60 

60 

60 

AIR 
PEAK 

58.4 

49.6 

22.4 

15.0 

14.2 

9.4 

6.8 

3.3 

63.6 

40.2 

84.8 

72.4 

92.8 

71.2 

60 

2 
co 
PEAK 

108.8 

96.0 

71.2 

46.4 

52.8 

34.6 

22.8 

- 

10 .o 
126.4 

101.6 

102.4 

84.8 

52 .O 
38.0 

AIR: 
co - R A k O  

0.54 

0.52 

0.31 

0.32 

0.27 

0.27 

0.30 

0.33 

0.50 

0.40 

0.83 

0.85 

1.78 

1.87 

- 
VOL . o/ 

2 
co 

81.5 

82 .O 

88.5 

88.5 

90.0 

90 .o 
89.0 

88.0 

83.0 

86 .O 
74.5 

73.5 

56.5 

55.0 



I 
t 

70 

6 0  

50 

40 

30 

2c 

1c 

I 1 I 1 I 1 I I 
l= 50.C 
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FIG. 35 SEPARATION PLOT (80% COP - 20% A i r ,  15-second injection, 

60-second cycle) 
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Analysis  of t h e  tes t  r e s u l t s  i n d i c a t e d  one major f a c t o r ,  

i . e . ,  pumpdown between c y c l e s  w a s  t he  c o n t r o l l i n g  parameter.  Any 

v a r i a b l e  t h a t  tended t o  improve pumpdown t i m e  improved t h e  s e p a r a t i o n  

c h a r a c t e r i s t i c s .  Thus 5-second i n j e c t i o n s  were b e t t e r  than 15-second 

i n j e c t i o n s ;  3-minute cyc les  were b e t t e r  than  1-minute c y c l e s ,  e t c .  

A s  a r e s u l t  of t h i s  f i r s t  series o f  tes ts ,  the! column- 

packing mater ia l  w a s  changed from a f i n e  s i l i c a - g e l  powder t o  a 

coarse-gra in  ma te r i a l .  This not iceably  improved pumpdown t i m e .  

5.2 Long Term Cycling Tes t  

I n  order  t o  e v a l u a t e  long-term c y c l i n g  e f f e c t s ,  t h e  gas  

s e p a r a t i o n  apparatus  was allowed t o  c y c l e  cont inuously f o r  101 hours  

t o  determine the e f f e c t s  on t h e  column-separation e f f i c i e n c y  of 

extended opera t ion .  The condi t ions  f o r  t h i s  run  w e r e :  

Gas mixture: 

Separat ion column: 24 x 3/4- in .  packed w i t h  6-16 mesh 

80 percent  C 0 2 ,  20 percent  a i r  

s i l i c a  g e l  

Column opera t ing  
temperature:  6OoC 

I n j e c t i o n  t i m e  : 5 sec 

Total  c y c l e  t i m e :  180 sec 

A t  the beginning of t h e  run ,  t h e  system w a s  run  through a 

complete schedule of sampling times. Following the  100 c y c l e s ,  t he  

same schedule  was followed and t h e  r e s u l t s  compared. The d a t a  are 

tabula ted  i n  Table 13 and p l o t t e d  on Fig.  36 .  

I t  may be seen from comparison o f  t h e  pre- and post-  

extended r u n  da ta  t h a t  column e f f i c i e n c y  i s  n e g l i g i b l y  a f f e c t e d  by 

extended-time operat ion.  The r e s u l t s  a l s o  show t h a t  s e p a r a t i o n  has  

been dramat ica l ly  improved by more r a p i d  pumpdown due t o  t h e  coarse  

s i l i ca  g e l .  

2' The separa t ion  curve i n  F ig .  36 i s  i n  volume percent  of CO 

To expedi te  weight c a l c u l a t i o n s  and ana lyses ,  t h e  vollllae percent  was 

converted t o  weight percent .  The conversion curves are shown i n  

6997-Final 
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FIG. 36 SEPARATION PLOT (80% GOg - 20% Air, 5-second injection, 
101 -hour cycling) 
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TABLE 13 

SEPARATION DATA 

GAS MIXTURE 

SEPARATION COLUMN 

ANALYSIS COLUMN 

START 101 H r .  Run 

80% C O ? ,  20$~ A i r  

314" x 24" Coarse S i 0 7  a t  6OoC 

114" x 12" S i 0 7  a t  25OC 

- 

START OF RUN 
AIR: VOL .% 
c02 c02 

c02 INJECTION SAMPLE TOTAL AIR 
TIME TIME CYCLE PEAK PEAK 
( SEC) (SEC) (SEC) RATIO 

5 5 180 147 e 1 
147 .O 

10 180 17.9 

15 180 8.95 
7.46 

25 180 2.65 
2.35 

55 180 0.8 
0.7 

183.9 
180.4 

134 

141.6 
105-7 

92.9 
72.8 

46.4 
29.2 

0.805 
0.816 

133 

.0625 

.0706 

.0285 
e0323 

,0172 
.0239 

74 
73.8 

94 

96-5  
96.1 

98 
98 

99 
98 

AFTER 101 HOURS 

5 5 180 168 
153.6 

10 180 20.6 
18.2 

15  180 9.8 
8.1 

25 180 

35  180 

3.7 
3.35 

2 .o 
1.9 

55 180 1.25 
0.80 

19 5 
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160 
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94.4 
73.6 

73.6 
56.8 

60 .O 
30.6 

0.86 
0.80 

0.13 
0.13 

0.081 
0.082 

0.039 
0.046 

0.027 
0.034 

0.021 
0.026 
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94.5 
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96.0 
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98 .2  
98.0 
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Fig .  37 and 38. 
f a c t o r  t o  y i e l d  a sepa ra t ion  p lo t  f o r  CO i n  weight percent .  The 

weight  percent  CO 

Data from Table 13 are converted by an  appropr i a t e  

2 
versus  sampling t i m e  curve i s  shown i n  Fig.  39. 2 

5.3 T e s t  R e s u l t s  A f t e r  Mass Flowmeter I n s t a l l a t i o n  

Prel iminary test  results ind ica t ed  the  d e s i r a b i l i t y  of 

measuring t h e  actual mass sepa ra t ion  achieved by t h e  P k  technique i n  

o rde r  t o  provide q u a n t i t a t i v e  da t a  f o r  engineer ing cd lcu la t ions  and 

es t imat ions  of  s e p a r a t i o n  e f f i c i ency .  A m a s s  flowmeter w a s  approved 

f o r  purchase and a f t e r  a 2.5 month de l ive ry  per iod ,  i n s t a l l e d  i n  t h e  

tes t  apparatus .  

Methods f o r  de f in ing  sepa ra t ion  e f f i c i e n c y  were a l s o  i n i t i a t e d  a t  

t h i s  t i m e .  

(The test program w a s  h a l t e d  during t h i s  per iod.)  

The d e f i n i t i o n  of e f f i c i e n c y  of s epa ra t ion  f o r  chemical 

systems i s  q u i t e  a r b i t r a r y .  I n  gene ra l ,  t he  t e r m  is  taken t o  mean 

t h e  degree t o  which a d e s i r a b l e  q u a n t i t y  can be obtained from a sys-  

tem as compared t o  that f o r  a n  i d e a l  system. When t r y i n g  t o  compare 

two d i f f e r e n t  systems, the d e f i n i t i o n  f a l l s  apar,t. This i s  e s p e c i a l l y  

t r u e  when t r y i n g  t o  compare ba tch-separa t ion  systems wi th  continuous- 

s e p a r a t i o n  systems. The only practical comparison method i s  t o  

t o t a l i z e  the  outputs  of t he  two systems being compared and determining 

t h e  degree t o  which each approaches the des i r ed  quan t i ty  of acceptab le  

separa t ion .  

Three approaches t o  determining e f f i c i e n c y  have been under- 

taken wi th  varying degrees of  success.  

fol lowing d i scuss ion  using a n  air/CO 

purposes. 

These are descr ibed  i n  the  

b inary  gas  f o r  d i scuss ion  2 

Method 1 

An e f f i c i e n c y  of s epa ra t ion  can be def ined based upon the  

q u a n t i t y  of C02 i n  t h e  e f f l u e n t  from the  column. 

t i o n  the  e f f i c i e n c y  i s  equal  t o  100 percent  when the  e f f l u e n t  con ta ins  

0 percent  C02. 

Under t h i s  d e f i n i -  
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where 

M1 = weight  of 

3 = weight  of 

Ef f ic iency  = (1 - M1/M2) 

CO i n  e f f l u e n t  stream 

CO i n  input  stream 
2 

2 

Figure  40 shows such a curve f o r  a 99 pe rcen t  a i r ,  1 pe tcen t  C02 gas 

run  on a 1 f o o t  long, 3/4-inch-diametef si l ica g e l  column. This 

method n e g l e c t s  t h e  f a c t o r  that t h e  e f f i c i e n c y  va lue  does n o t  have any 

r e l a t i o n s h i p  t o  t h e  t o t a l  quan t i ty  of gas being processed.  Thus, i f  

one w e r e  t o  choose a r b i t r a r i l y  a process  time of 6 seconds f o r  t h i s  

column, t h e  a i r  r e tu rned  t o  the cab in  would c o n t a i n  0 pe rcen t  C02 b u t  

would only be 30 percent  of the  i n i t i a l  weight  of a i r  admit ted t o  t h e  

column. We would, i n  o t h e r  words, be dumping o r  r ecyc l ing  70 pe rcen t  

of t h e  a i r ,  a n  u n s a t i s f a c t o r y  s i t u a t i o n .  It can be  seerl, t he re fo re ,  

t h a t  t h e  e f f i c i e n c y  term must somehow be cons t ra ined  by t h e  mass of 

t h e  a i r  as w e l l  as t h e  C02. 

Method 2 

lhis method h a s  been employed f o r  the  a n a l y s i s  of  t h e  PGC 
d a t a .  The column e f f i c i e n c y  is def ined  as follows: 

* 100 % Y 
!2 M4 

1 - -  Column Eff i c i ency  ( E )  = - 
where  

M1 = mass of CO i n  

5 = mass of CO i n  

% = mass of a i r  i n  

M4 = mass of a i r  i n  

2 

2 

bypass e f f l u e n t  

input pu lse  

bypass e f f l u e n t  

input  pu l se  

(The term "bypass" is used t o  i n d i c a t e  the gas has  not  

re turned immedia t e l  y t o  the  cab i n .  ) 

Thus both gases  can be  r e l a t e d  t o  t h e  e f f i c i e n c y  value.  

F igure  41 shows such a de termina t ion  f o r  the  same l - f o o t  S 0 column. 

I f  a l l  t h e  CO 
i 2  

i s  i n  t h e  bypass e f f l u e n t ,  t h e  M1/? term = 1. 2 
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Likewise i f  a l l  the  a i r  i s  removed be fo re  t h e  e f f l u e n t  i s  bypassed, 

t h e  (1 - - 
I f  t h e  va lue  of M1 were low, i . e . ,  very l i t t l e  C02 i n  thk bypass 

e f f l u e n t ,  e f f i c i e n c y  would be  low. S i m i l a r l y ,  i f  t h e  M terms were 

h igh ,  i . e . ,  a l o t  of a i r  i n  t h e  bypass e f f l u e n t ,  t h e  e f f i c i e n c y  would 

be  low. Thus, 100 percent  e f f i c i e n c y  r e p r e s e n t s  complete gas separa-  

t i o n  and 0 percent e f f i c i e n c y  r e p r e s e n t s  no sepa ra t ion .  This expres- 

s i o n  i s  i d e a l l y  s u i t a b l e  f o r  any binary-gas mixture .  Note, however, 

t h e  peak e f f i c i e n c y  r e q u i r e s  t h e  h i g h e s t  m u l t i p l e  of both gas quan t i -  

t i e s  and t h i s  requirement i t s e l f  can impose a pena l ty ,  i . e . ,  t he  

e f f i c i e n c y  i s  lowered by the  q u a n t i t y  of C 0 2 ,  even though t h e  q u a n t i t y  

of  CO i n  the bulk  i s  accep tab le  f o r  r e c i r c u l a t i o n .  A more pract ical  

method would be t o  cons ider  t h e  accep tab le  l e v e l  of C 0 2  i n  computing 

the  ef f i c iency  . 

term i s  1, and a 100 percent  e f f i c i e n c y  would r e s u l t .  M3\ 
M4) 

3 

2 

Method 3 

This method i s  based on t h e  weight pe rcen t  of a i r  i n  t h e  

e f f l u e n t  mul t ip l i ed  by an  importance f a c t o r .  

1 pe rcen t  s epa ra t ion ,  i t  i s  assumed t h a t  a 0.5 pe rcen t  CO 

a i r  stream i s  wholly accep tab le  and t h e  a c c e p t a b i l i t y  o f  h ighe r  con- 

c e n t r a t i o n  i s  l i n e a r l y  d e r a t e d  as shown on Fig.  42. 

f a c t o r  i s  mul t ip l i ed  a g a i n s t  t he  weight percent  of t he  a i r .  The 

r e s u l t a n t  e f f i c i e n c y  curve i s  shown i n  Fig.  4 3 .  Note t h a t  from t h i s  

curve ,  t he  switch can be extended from 6 seconds t o  20 seconds and 

s t i l l  be  above a “defined” 95 percent  e f f i c i e n c y .  

For t h e  99 percent  a i r ,  

2 e f f l u e n t  

The importance 

However, inasmuch as t h i s  i s  a gene ra l  b ina ry  gas f e a s i -  

b i l i t y  s tudy ,  Method 2 ,  t h e  i d e a l  case has been used f o r  c a l c u l a t i o n  

purposes s ince  importance f a c t o r s  f o r  o t h e r  than 99 percent  a i r  t o  1 

percent  CO m i x t u r e s  have not  been determined. 2 

5.3.1 I n i t i a l  E f f i c i ency  C a l c u l a t i o n  

The f i r s t  test  involv ing  t h e  use of e f f i c i e n c y  ca lcu-  

l a t i o n  was run w i t h  the  80 percent  C 0 2  t o  20 percent  a i r  mixture  d i s -  

cussed i n  Subsection 4.5. 
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The terms f o r  t h e  e f f i c i e n c y  equat ion  f o r  given 

e lapsed  t i m e s  are tabula ted  i n  Table 14. The p l o t  of column e f f i c i e n c y  

w i t h  elapsed time i s  shown i n  Fig. 44. The curve t akes  on a lopsided 

b e l l  shape w i t h  a peak column e f f i c i ency  of 88 percent  a t  e lapsed  t i m e  

of 8 seconds. 

5 . 3 . 2  Addi t iona l  Experimental Resu l t s  

T e s t s  w e r e  next conducted on e i g h t  d i f f e r e n t  columns. 

These column/gas mixture  combinations w e r e  as fol lows:  

Column 

3 / 4  x 12-in.  s i l ica  g e l  

3 / 4  x 6-in. s i l ica g e l  

3 /4  x 12-in.  silica g e l  

3 /4  x 6-in.  s i l ica  g e l  

3 / 4  x 6-in. monoethanolamine 

3 / 4  x 24-in. molecular s i eve  

3 /4  x 12-in. molecular s i eve  

Gas Mixture 

80 percent  C02,  20 percent  a i r  

80 percent  Cog, 20 percent  a i r  

99 percent  air ,  1 percent  C02 

99 pe rcen t  a i r ,  1 pe lcen t  C02 

99 percent  a i r ,  1 percent  C02 

80 pe rcen t  CH4 t o  20 percent  H2 

80 percent  C02 t o  20 percent  a i r  
/ 

( I n  a l l  above cases  a 5-second i n j e c t i o n  t i m e ,  a 

5 p s i g  i n j e c t i o n  p res su re ,  and t o t a l  c y c l e  t i m e  of 180 seconds w a s  

employed.) 

3 /4  x 12-in.  molecular s i eve  99 percent  a i r ,  1 percent  C02 

(A 15 second i n j e c t i o n  t i m e ,  a 7.5 p s i g  i n j e c t i o n  

p res su re  and a t o t a l  cyc le  time o f  180 seconds w a s  employed i n  t h i s  

l a t t e r  case.) 

The experimental  results of t hese  columns are d i s -  

cussed i n  d e t a i l  i n  t h e  following sec t ions .  

5.3.2.1 3 / 4  x 12-in.  S i l i c a  G e l  - 80 Percent  CO,, 
- 
20 Percent A i r  

This experiment w a s  intended t o  reduce t h e  

pumpdown time by u t i l i z i n g  a shor t e r  column. 

pumpdown t i m e  w a s  ( t o  < 1 nun Hg) reduced from 16 minutes f o r  a 

It w a s  no t iced  t h a t  t h e  
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TAU]?  14  

TERMS IN COLuPm EFFICIENCY EQUATION AS AREAS UNDER THE CURVE I N  FIGURE 44 

- - ~  - e. - 

-1 f i r m e  M1 M2 M3 M4 M 1  M3 M3 $ E f f .  
f(Scc.) (Area ( A r e a  ( A r e a  ( A r e a  1-% = ivll M3 t U n i t s )  Units)  Units)  Units) 4 1 -  $100 

i - -- 4 M 2  

0 55.2 

55.2 

55.2 

55.2 

55.2 

55.2 

54.1 

52.6 

51.2 

49.9 

48.6 

47.3 

46 .O 

44.7 

4 3 .:t 

I ; ? .  1 

40.9 

3 i , 2 

16.4 

7 * 2  

II 

II 

I t  

I! 

II 

II 

II 

II 

I! 

I 1  

II 

11 

II 

I t  

I I  

I t  

II 

I I  

I 1  

0 I 1  

0 5.6 
II 4 . 5  

3 . 5  

2 .7  

2 . 1  

1.6 

1.3 

0 .5  

0.25 

0.17 

0.10 

0.06 

0.03 

0.02 

0.015 

0.010 

0.005 

0 

0 

0 

0 

11 

II 

II 

II 

I t  

11 

I t  

11 

II 

II 

I 1  

II 

II 

II 

I 1  

II 

I t  

II 

II 

0 0 0 

1 .804 .196 

1 .625 .375 

1 .482 .518 

1 .375 .625 

1 .286 .714 

.952 .233 .767 

.953 .090 .910 

.927 ,045 ,955 

.887 .031 .969 

.864 .017 .983 

,842 .011 .989 

.834 .00-54 .995 

,810 .0037 .996 

.785 .0027 .997 

.763 .0018 .998 

. I 4 2  .001 .999 

.636 0 1 

.297 0 1 

.I31 0 1 

0 0 1 

0 

19.6 

37.5 

51.8 

62 -5 

71.4 

73.1 

86.4 

88.5 

86.0 

84.7 

83.3 

83.0 

80.5 

78.4 

7 6 . 2  

7 4 . 2  

63.6 

2 9 . 7  

1.3.1 

0 
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2h-in.  ;:011i11in t o  4.5 minutes f o r  a 12-in.  column. A cursory  a n a l y s i s  

of t h e  separa t ion  curve and mass flow t ransducer  output  curve f o r  a 

5 second i n j e c t i o n  of 80 percent  C 0 2  t o  20 p e r c e n t  a i r  a t  5 p s i g  very 

much resembles t h a t  f o r  t he  24-in.  column of Subsect ion 5.3.1. Thus, 

no d e t a i l e d  a n a l y s i s  was made on the  d a t a  gathered from t h i s  column, 

s i n c e  t h e  r e s u l t s  would be  i d e n t i c a l  t o  those  obtained on the  24-in.  

column presented i n  Subsect ion 5.3.1.  

5.3 .2 .2  314 x 6-in.  S i l i c a  G e l  - 80 Percent  CO 
2 2  

20 Percent  A i r  

This experiment was a f u r t h e r  a t tempt  t o  

reduce t h e  pumpdown t i m e  by us ing  a n  even s h o r t e r  coiumn. 

not iced  t h a t  t he  pumpdown t i m e  s t i l l  r e q u i r e d  about 4 minutes. With 

t h i s  observat ion,  i t  w a s  suspected t h a t  some o f  t h e  pumping energy was 

expended by t h e  impedance i n  t h e  small o r i f i c e s  and l i n e s  i n  t h e  gas- 

sampling por t ion  of t h e  t e s t  appara tus .  

f i e d  as descr ibed i n  Subsect ion 4.3. 

6-in.  column could be  pumped down t o  1 rnm Hg of  p r e s s u r e  w i t h i n  a 

minute. 

I t  w a s  

This  appara tus  w a s  then modi- 

A f t e r  modi f ica t ion ,  t h e  314 x 

The s e p a r a t i o n  d a t a  obtained w i t h  t h i s  

column are  presented i n  Table 15, and the  curve i s  shown i n  Fig.  45. 

I t  was noted t h a t  t h e  CO concent ra t ion  a t  a 5-second sample t i m e  f o r  

t h e  6- in .  column w a s  much higher  than f o r  t he  24 o r  12-in.  column. 

T t  w a s  suspected t h a t  t h e  column was flooded, and very l i t t l e  separa-  

t i o n  occurred during t h e  i n j e c t i o n  t i m e  per iod.  However, t h i s  could 

r i v t  i n i t i d l l y  be confirmed s i n c e  no sampling was done a t  a t i m e  of 

1,:s~ than 5 seconds,  and a l s o  s i n c e  t h e  s e p a r a t i o n  curve a f t e r  5 

secolids was very s imilar  t o  t h e  s e p a r a t i o n  obtained from t h e  24 and 

3 2 - in. co lumns . 

2 

Resul t s  of t h e  e f f i c i e n c y  a n a l y s i s  a re  shown 

i n  Eigs .  46, 47, 48, and Table 16. The peak column e f f i c i e n c y  w a s  

found t o  be 76.8 percent  a t  5 seconds. 

was made t o  check t h e  accuracy of t he  a n a l y s i s .  The c a l c u l a t i o n s  

A mass balance f o r  C 0 2  and a i r  
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TABLE 15 

SEPARATION WTA FOR 80 PERCENT C02 ,  20 PERCENP AIR 
WI3X 6 x 3 /4 - IN.  DIAMETER SILICA GEL COLUMN 

GAS MIXTURE 
8 6  C02,  2@ A i r  

SEPARATION COLUMN 

ANALYSIS COLUMN 

6" x 314'' Dia. 8-16 S i l i c a  Gel a t  R.T. 

1/4" x 12" S i l i c a  G e l  a t  R.T. 

Injection Sample T o t a l  A i r  C02 A i r :  Vol. W t  $ 
c02 c02 Time Time  Cycle P e a k  Peak co 

(see) (sec) (sec) RaZio 

5.0 5.0 120 121 174 
63 94.4 

10 120 2.27 24 
5.16 56.4 

15 120 1.52 18.5 

0.8 9.90 

20 120 .040 2.08 

.063 3.02 

0 . 694 
0.667 

0.095 
0.09 1 

0.082 

0 .089 

0.052 

0.048 - 

77 .O 82.5 

95.8 97.0 

96.2 97.5 

97.0 98.0 
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TABLE 16 

TERMS I N  COLUMN E F F I C I E N C Y  EQUATION AS AREAS UNDER THE CURVE I N  FIGURE 48 

0 

1 

2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

40 

60 

0 

174 

174 

174 

174 

174 

129 

6,8 

5.17 

4.96 

4.84 

4.74 

4.64 

4.54 

4.44 

4.34 

4.24 

4.14 

4.04 

3.94 

3.84 

1.84 

0 

17.4 
I t  

11 

I1 

I 1  

I 1  

I 1  

I 1  

I 1  

I 1  

I I  

I 1  

I 1  

I 1  

I 1  

II 

II 

11 

11 

I 1  

I 1  

11 

17 -4 

0 

12.1 

9.9 

7.5 

5.02 
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showed t h a t  the gas mixture  i n  the 

34  percen t  air .  The actual values 

air .  This confirmed t h e  suspic ion  

flooded. 

a n a l y s i s  w a s  66 pe rcen t  CO 
2 

were 80 percent  CO. and 20 percent  2 
t h a t  t h e  6-in. column w a s  i n i t i a l l y  

and 

5 . 3 . 2 . 3  314 x 12-in.  S i l i c a  Gel, 99 qercent  A i r  - 
1 Percent  CO, 

L 
- 

T k E h e n t  w a s  performed i n  accordance 

w i t h  a t echn ica l  d i r e c t i v e  express ing  t h e  d e s i r a b i l i t y  of t e s t i n g  

t h e  PGC technique using a 99 percent  a i r ,  1 percent  CO mixture i n  

p l a c e  of t h e  95 percent  a i r ,  5 percent  C02 mixture o r i g i n a l l y  c a l l e d  

f o r .  

d i s t i n c t i v e l y  d i f f e r e n t  from those obta ined  wi th  a mixture  of higher  

CO conten t .  That is, t h e  CO concen t r a t ions  a r e  a t  a ve ry  low range 

( 0 . 4  - 8 percen t ) .  

2 

The sepa ra t ion  p l o t  f o r  the 99 percep t  a i r ,  1 percent  C02 i s  

2 2 

Resul t s  of t h e  d e t a i l e d  ana lyses  on t h e  PGC 

d a t a  ga thered  on t h i s  column-gas mixture  are shown i n  Pigs .  49 ,  5 0 ,  

5 1 ,  52 and Tables 17 and 18. The p l o t  of column e f f i c€ency  w i t h  

lapsed  t i m e  curve has  a r e l a t i v e l y  broad peak, and t H e  maximum column 

e f f i c i e n c y  i s  97 percent  a t  6.5 seconds. A mass baldnce check w a s  

performed t o  check t h e  accuracy of t h e  r e s u l t s .  The c a l c u l a t i o n s  

showed t h a t  t h e  gas mixture  i n  t h e  a n a l y s i s  w a s  99.2 percent  a i r  and 

0.8 percent  C 0 2 .  

w a s  99.03 percent  a i r  and 0.97 percent  C 0 2 .  

The a c t u a l  mass spec t ro -ana lys i s  of t h e  gas mixture  

5 . 3 . 2 . 4  314 x 6-in. S i l i c a  G e l  - 99 Percent  A i r ,  

2 1 Percent CO 

A cursory examination of t h e  s e p a r a t i o n  

d a t a  and t ransducer  ou tpu t  f o r  mass flow i n d i c a t e d  f looding  had 

occurred. A d e t a i l e d  a n a l y s i s  w a s  t h e r e f o r e  not  performed on t h e  

PGC d a t a  ga thered  w i t h  t h i s  column. 
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TABLE 1 7  

SEPARATION DATA FOR 99 PERCENT A I R ,  1 PERCENT GO2 
WITH 3/4 x 1 2 - I N .  SILICA GEL COLUMN 

GAS MIXTURE 99% A i r  - 1% C02 

SEPARATION COLUMN 314" x 15" (8 - 16) S i l i ca  G e l  a t  R.T. 

ANALYSIS COLUMN 12" x 1/4" S i l i c a  Gel a t  R.T. 

A i r :  V O l .  $ w r  
co2 c02 c02 

c02 I n j e c t i o n  Sample To ta l  A i r  
T i m e  T i m e  Cycle Peak Peak 
(Set) (sec)  (sec)  Rat io  

5 5 180 336 0.36 934 0.75 142 

320 0.30 1062 0.8 1.3 

10 180 44.8 .41 189 2.9 4.4 

137 .80 172 3.1 4.7 

15 180 31.4 .25 126 3.8 5.8 

20 .o .14 142 3.6 5.5 

20 180 39.2 .40 98  4.6 6.9 

31.6 .30 10 5 4.4 6.6 

25 120 18.8 .20 96 4.6 6.9 

7 e 9  I 26.8 .35 76.5 5.3 

I I 
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TABLE 18 
TERMS IN COLUMN EFFICIENCY EQUATION AS ARJUS UNDER THE CURVE IN FIGURE 52 

1 -- M1 *2 M3 M4 -- M1 M3 
M2 M4 M4 

Time (Area (Area (Area (Area 
'ec Units) Units) Units) Units) 

8 
8 
8 
8 
8 
I 
II 
I 
8 
1 
8 
8 
I 
1 
I 
8 
8 

1 
8 6997-Final 

0 

1 

2 

3 

4 
5 

6 

7 
8 

9 

10 

11 

12 

13 

14 
15 

20 

25 

30 

35 

45 

60 

80 

120 

0.65 0.65 

0.65 

0.65 

0.65 

0.65 

0.65 

0.6485 

0.6455 " 

0.642 

0.630 " 

0.618 " 

0.605 

0.588 l1 

0.569 " 

0.538 " 

0 . 516 " 

0.406 

0.294 " 

0.184 

0.073 " ~ 

0.019 

0.006 " 

0.002 

11 

I 1  

11 

11 

11 

0 0.65 

48.30 

40.08 

27.83 

13 . 58 
3.08 

2.48 

2 002 
1.914 

1 . 826 
1 A01 

1.781 

1.762 

1.743 

1.726 

1.705 

1.680 

1.525 

1.401 

1.114 

0.965 

0.611 

0.273 

0.007 

0 

48.30 
11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

11 

I 1  

48.3 

1 
1 

1 

1 
1 

1 

0.998 

0.993 

0.986 

0.970 

0.953 

0.931 

0.906 

0.876 

0.828 

0.794 

0.625 

0.452 

0.283 

0.112 

0,029 

0.009 

0 -003 

0 

1 

0 . 829 
0.526 

0.281 

0.064 

0.051 

0.042 
0.040 

0.0378 

0 -0374 

0.0369 

0.0365 

0.0361 

0.0357 

0.0353 

0 -0348 

0.0316 

0.0290 

0.0231 

0.020 

0.013 

0 -006 

0.001 

0 

0 

0.171 

0.474 

0.719 

0.936 

0.949 

0.958 

0.960 

0.9622 

0.9626 

0.963 1 

0.9635 

0,9639 

0.9643 

0.9647 

0.9652 

0.9684 

0.9710 

0.9769 

0.980 

0.987 

0.994 

0.999 

1,000 

0 

17.1 

47.4 
71.9 

93.6 

94.9 

95.7 

95.3 

94.8 

93.4 

91.8 

89.6 

87.3 

84 .O 
80 .O 
76.6 

60.5 

43.8 

27.6 

11.0 

2.9 

0.9 

0.3 
0 

91 



5 . 3 . 2 . 5  3 /4  x 6-in.  Monoethanolamine Impregnated 
F i r e b r i c k  

Solu t ions  of monoethanolamine (MEA) have 

been shown t o  be a good a d s o r p t i o n  media f o r  carbon d iok ide .  MEA, 

being a l i q u i d ,  has t o  be supported.  F i r e b r i c k  (30/60 Hesh) w a s  

chosen because of  i t s  chemical i n e r t n e s s  and r e l a t i v e l y  high p o r o s i t y .  

MEA has  a b o i l i n g  p o i n t  o f  175 C a t  atmospheric pressure .  A t  1 mm Hg 

pressure ,  i t  w i l l  b o i l  a t  30 C .  Thus, d u r i n g  pumpdown ( t o  < 1 mm Hg) ,  

t h e  MEFL would probably vaporize.  

w a s  constructed t o  a t t e s t  t o  t h e  s t a b i l i t y  o f  t h e  MEA a t  low pressure .  

However, i t  was found t h a t  t h e  MEA chemically r e a c t e d  wi th  t h e  copper 

tubing and f i t t i n g s  t o  form a b r i g h t  b l u e  substance.  A t  t h i s  p o i n t  

t h e  experiment was d iscarded .  

0 

0 

Nevertheless  a 3/4 t 12-in.  column 

5.3.2.6 3/4 x 24-in. Molecular Sieve - 80 Percent 
CH4, 20 Percent  H2 

This experiment was performed as a pre l imi-  

nary tes t  t o  eva lua te  t h e  PGC technique €or gas  s e p a r a t i o n s  i n  t h e  

S a b a t i e r  r e a c t i o n  system. A 3/4-in.  diameter ,  24-in.-long column w a s  

packed wi th  13 x molecular sieves and used f o r  t h i s  eva lua t ion .  Due 

t o  a n a l y s i s  problems descr ibed i n  t h e  chromatographic c a l i b r a t i o n  

s e c t i o n ,  i . e . ,  Subsect ion 4 .4  sample ana lyses  were made mass spec t ro-  

m e t r i c a l l y .  The d a t a  showed t h a t  a l l  t h e  hydrogen came o u t  i n  t h e  

e f f l u e n t  during t h e  5-second i n j e c t i o n  t i m e .  Since shmples cannot 

b e  taken between 0 and 5 second, w i t h  t h e  p r e s e n t  arrangement and t h e  

mass flowmeter had n o t  been c a l i b r a t e d  f o r  H2 and C H 4 ,  t h e  t es t  r e s u l t s  

were q u a n t i t a t i v e l y  meaningless. Q u a l i t a t i v e l y ,  howev&r, i t  appears  

t h a t  H can r e a d i l y  be separa ted  from CH 4 '  2 

5.3.2.7 3 /4  x 12-in.  Molecular S i e v e . -  99 Percent  
A i r ,  1 Percent  C02  

This experiment w a s  performed t o  a s c e r t a i n  

t h e  a b i l i t y  of a molecular-s ieve column t o  s e p a r a t e  a i ?  contaminated 

wi th  C 0 2 ;  a 15-second i n j e c t i o n  t i m e  and a 7.5 p s i g  i n j e c t i o n  pressure  
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w a s  used t o  inc rease  throughput. 

t h e  PGC d a t a  gathered on t h i s  column/gas mixture a r e  shown i n  Figs .  53, 
54, and 55 and i n  Table 19. It w a s  noted t h a t  no carbon d ioxide  w a s  

found i n  the  e f f l u e n t  up t o  15 second sample t i m e .  The p l o t  of 

column e f f i c i e n c y  wi th  lapsed t i m e  curve shows a r e l a t i v e l y  l i n e a r  

rise and drop w i t h  small f l a t  peak and a maximum column e f f i c i e n c y  of 

99.7 percent  a t  15 seconds. 

check the  accuracy of t he  r e s u l t s .  The c a l c u l a t i o n  showed t h a t  t he  

gas  mixture  i n  the  a n a l y s i s  was 98.2 percent  a i r  and 2.02 percent  C02. 

The a c t u a l  mass spec t ro-ana lys i s  of t h e  gas mixture  w a s  99.03 percent  

a i r  and 0.97 percent  C02.  

Resu l t s  of t he  d e t a i l e d  analyses  on 

A mass balance check was performed t o  

5.3.2.8 314 x 12-in.  Molecular Sieve - 80 Percent 
C 0 2 ,  20 Percent  A i r  

This experiment w a s  performed t o  evaluate 

the  a b i l i t y  of t he  molecular-sieve column i n  sepa ra t ing  h igh  percent-  

ages  of  C02 from air. 

r epea ted ly  showed l a r g e  q u a n t i t i e s  of C02 when they wdre analyzed 

chromatographically.  Samples were a l s o  s e n t  ou t  f o r  mass spec t ro-  

g raph ic  ana lys i s .  The mass s p e c t r a l  a n a l y s i s  i nd ica t ed  t h a t  t he re  

w a s  poor sepa ra t ion  a t  both 5 seconds and a t  10 seconds. 

experiments should be performed t o  d e s c r i b e  the  f a c t b r s  which g ive  

rise t o  the  d i s t i n c t i v e  d i f f e rences  f o r  t he  molecular sieve f o r  

s epa ra t ing  99 percent  a i r ,  1 percent CO 

cent a i r .  

It  w a s  observed that  the 5-secdnd samples 

Fur ther  

and 80 percent  C 0 2 ,  20 per -  2’ 

5.4 Discussion of Tes t  Resul ts  

Ce r t a in  conclusions can be drawn from t h e  test r e s u l t s  

achieved t o  da te .  F i r s t ,  t he  PGC i s  capable  of s epa ra t ing  gaseous 

mixtures  i n  t h e  manner described i n  Sec t ion  3, P r i n c i p l e s  of Pulsed 

G a s  Chromatography. Second, the v a r i a b l e s  inves t iga t ed ,  i .e.,  column 

length ,  column diameter ,  temperature, i n j e c t i o n  pressure ,  i n j e c t i o n  

t i m e ,  etc.,  affect  sepa ra t ion  p r i n c i p a l l y  by varying the  pumpdown t i m e  

i n  t h e  range inves t iga t ed .  

t he  following sec t ion .  

Deta i l s  of t hese  e f f e c t s  are descr ibed i n  
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TABLE 19  

TERMS I N  COLUMN EFFICIENCY EQUATION AS AREAS UNDER THE 
CURVE IN F'IGURE 54 

- (1 - 5 100 
M4 1 -  M1 3 

(SEC) UNITS) UNITS) UNITS) UNITS) M2 M4 

M1 M2 M3 M4 
TIME (AREA (AREA (ARE4 (AREA - 

(PERCENT) 

0 

1 

2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
15 

16 

17 

18 

19 

20 

25 

30 

40 

2 -45 
11 

11 

11 

11 

I1 

11 

11 

I1 

11 

11 

I 1  

11 

11 

11 

2 -45 
2.40 

2 -32 

2.21 

2.11 

2 000 

1.50 

1.0 

0 00 

2 -45 0 
11 

II 

11 

11 

I 1  

I1 

11 

11 

I 1  

11 

I 1  

11 

11 

11 

11 

11 

11 

11 

11 

11 

I 1  

U 

112 . 5 
101.0 

89 .4 
77 -8 

66.2 

54.6 

43 .O 
31.4 

19.8 

8.3 

2 a 0  

1 .os 
0.63 

0 047 

0.37 

0.27 

0.18 

0.10 

0.03 

0 .o 
0 .o 
0 00 

2 -45 0 .o 

118.5 
11 

11 

11 

11 

11 

II 

11 

11 

11 

I1 

11 

11 

11 

11 

I 1  

1 
I 1  

11 

11 

11 

11 11 

I1  11 

II 

11 

II 

I1  

11 11 

1 

0.978 

'I 0 -946 

0.903 

" 0.861 

0.816 

I' 0.613 

I' 0.407 

0 11 

1 0 

0.947 0.053 

0.852 0.148 
0.754 0.246 

0.656 0.344 

0,558 0.442 
0.461 0.539 

0.363 0.631 

0.265 0.735 

0.167 0.833 

0.070 0.930 

0.017 0.983 

0.009 0,991 

0.006 0.994 

0.004 0,996 

0.003 0.997 

0.002 0.999 

0,0015 0.9965 

0.001 0.999 

0.0003 1.000 

0 1 

0 1 

0 1 

0 1 

0 

5.3 

14.8 

24.6 

34 04 
44.2 

53.9 

63.7 

73.5 

83.3 

93 -0 

98.3 

99.1 

99.4 

99.6 

99.7 

97.7 

94.6 

90.3 

86.1 

81.6 

61.3 

40.7 

0 
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5.4 .1  E f f e c t  o f  Column Length 

column lengths  i n  t h e  range 6 inches  t o  6 f e e t  were 

i n v e s t i g a t e d .  Tes t  r e s u l t s  i n d i c a t e  t h a t  t h e  6-inch length  columns 

tend t o  f lood wh i l e  t h e  6 f o o t  columns tend t o  res t r ic t  flow, decrease  

throughout and i n c r e a s e  pumpdown t i m e .  For t h e  gases  and packing 

materials t e s t e d ,  column lengths  of between 1 and 3 f e e t  appear 

opt imal .  

5.4.2 E f f e c t  of Operating Temperature 

No major e f f e c t s  on s e p a r a t i o n  were noted a t  tempera- 

t u r e s  of 25' and 5OoC. 

5.4.3 E f f e c t  of Column Diameter 

Columns ranging from 0.25-inch t o  0.75-inch diameter 

were s t u d i e d .  Separa t ion  g e n e r a l l y  improved wi th  a n  i n c r e a s e  i n  

diameter ,  contrary t o  convent ional  gas  chromatography exper ience ,  due 

t o  a n  improvement i n  pumpdown t i m e .  However, one can expect  a lower- 

i n g  i n  separa t ion  e f f i c i e n c y  w i t h  larger-diameker columns i f  gas-flow 

c o r r e c t i o n  devices  are  not employed. 

5.4.4 E f f e c t  of I n j e c t i o n  Volume 

I n j e c t i o n  volume w a s  v a r i e d  by changing the  i n j e c t i o n  

t i m e .  7ho cyc le s  f o r  achieving t h i s  were employed, namely 5 and 15 

seconds. In general, w i th  a fixed-pumping speed, a s  used i n  our test 

appara tus ,  increas ing  i n j e c t i o n  t i m e  decreases  s e p a r a t i o n  e f f i c i e n c y .  

Conversely, however, throughput i s  increased  wi th  increased  i n j e c t i o n  

t i m e .  

t o  be separated and t h e  s e p a r a t i o n  e f f i c i e n c y  deemed s a t i s f a c t o r y .  

Optimizing t h i s  f a c t o r  w i l l  depend g r e a t l y  on t h e  gas mixture  

5.4.5 E f f e c t  of I n j e c t i o n  Pressure  

I n j e c t i o n  p r e s s u r e  was v a r i e d  from 1 4 . 7  p s i a  t o  22.2 

p s i a .  The e f f e c t  of i n c r e a s i n g  i n j e c t i o n  p r e s s u r e  i s  s i m i l a r  t o  t h a t  

o f  i n c r e a s i n g  i n j e c t  i o n  t i m e .  
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5.4.6 E f f e c t  of Column-Packing Material 

This f a c t o r  i s  the  major v a r i a b l e  i n  the  PGC concept. 

Experience wi th  sepa ra t ions  using convent ional  gas  chromatographic 

d a t a  i s  d i r e c t l y  app l i cab le  t o  the  PGC concept.  Thus, CO can be 

separa ted  s a t i s f a c t o r i l y  on silica g e l ,  bu t  tends t o  remain on molecu- 

lar  s ieves .  Sieves and s i l icone- rubber  columns on the  o t h e r  hand are 

q u i t e  u se fu l  f o r  s epa ra t ing  H 

good f o r  t h i s  separa t ion .  

2 

from CH4, wh i l e  si l ica g e l  i s  not  as 2 

The p a r t i c l e  s i z e  of the packing material is a l s o  an 

important  v a r i a b l e .  One would expect  b e t t e r  s epa ra t ion  using s m a l l  

p a r t i c l e s  having h igh  su r face  a reas .  However, small p a r t i c l e s  tend 

t o  inc rease  flow impedance and thus  i n c r e a s e  pumpdown t i m e  which 

degrades sepa ra t ion  e f f i c i e n c y .  

5.4.7 E f f e c t  of  Moisture-Removal Equipment 

The only equipment employed f o r  moisture  removal on 

the  test  appara tus  was a column of Drierite i n  the i n j e c t i o n  gas l i n e .  

Quan t i t a t ive ly ,  dur ing  the course of the program, i t  w a s  noted that 

when room a i r  w a s  cycled through the  column during checkout runs, 

room air  moisture  (30-50 percent r e l a t i v e  humidity) had no e f f e c t  on 

column performance. However, long t e r m  e f f e c t s  of high humidity 

atmospheres may tend t o  degrade s i l ica  g e l  columns. A r e c e n t  packing 

material having the  commercial name Poropak’” should,  however, e l i m i -  

nate mois ture  as a degrading f a c t o r  wh i l e  providing e l ice l len t  CO 

a i r  sepa ra t ion .  

, 

- 
2 
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6. PRELIMINARY SYSTEM ANALYSES 
As a f i r s t  s t e p  i n  comparing the  PGC concept wi th  o the r  gas  

sepa ra t ion  schemes,estimates of system weights have been made. 

comparison purposes, we have se lec ted  a 4-man spacec ra f t  a p p l i c a t i o n  

and a C02-air separa t ion .  

For 

Data taken dur ing  t h e  program i n d i c a t e s  t h a t  a 2- f0oty  0.75-inch- 
diameter-packed column w i l l  pass w 1 x 10 -2  pounds of  Btmospheric 

pressure  a i r  during a 1-minute per iod wi th  a 15-second i n j e c t t o n  pulse .  

Based upon these  d a t a  and the  requirement of removing 2.25 pounds o f  

C02 per  man per  day, one can est imate  the  s i z e  and weight of a PGC 
system f o r  l i f e  support: i n  a spacecraf t .  

Assumptions: (1) Input  to t h e  PGC column conta ihs  99 percent  

air, 1 percent  C02 

Outputs f o r  PGC column contained e s s e n t i a l l y  

pure air and pure CO as demonstrated i n  the  

experimental program 

The quan t i ty  of a i r  + COz t o  be processed i s  detekmined as 

3 = 4 x 2.25/0.01 = 900 lb/day 

(2) 
1 

2 

fol lows : 

= 0.25 lb/min 

where 

M1 = mass flow of a i r  required f o r  4-man system 

Since flow rate i s  propor t iona l  t o  column f r o n t a l  area o r  the  square 

of t he  diameter, we can est imate  the  column diameter requi red  f o r  a 

4-man system, s ince  we have data  f o r  a 0.75-inch-dianieter column. 
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where 

M2 = mass f low of  0.75-inch column 

dl = diameter of column f o r  a 4-man system 

d2 = 0.75 inches 

dl 2 = M1(d2)2/F12 

d: = 0.25 (0.75)2/0.01 = 14.1 

= (14.1>Oo5 = 3.74 inches 
dl 

This diameter i s  w e l l  w i t h i n  the s t a t e  of the a r t  f o r  gas chromatog- 

raphy, s i n c e  4-inch-diameter columns have been commercially a v a i l a b l e  

f o r  over two years and columns t o  12-inch diameter have been demon- 

s t r a t e d  i n  the l i t e r a t u r e .  

Based upon the  use of s i l i c a - g e l  having the  same packing f r a c t i o n  

as t h a t  p re sen t ly  used wi th  the 0.75 inch column, t h e  weight of a 

3.74-inch diameter can be est imated.  

where 

1, = weight of s i l i c a  g e l  i n  3.74 inch-diameter column 1 

W2 
weight i n  0.75-inch column i . e . ,  84 grams 

length of column = 2 f t  i n  both cases 

= 

L = 

dl = 3.74 inches 

d2 = 0.75 inches 

6 997 - Fina 1 

= 74 x (3.74)2/(0.75)2 = 1,840 grams 
w1 

= 4.06 pounds 
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Other system-component weights are est imated t o  be as given i n  

Table 20. 

TABLE 20 

1. Column tubing 
( t h i n  w a l l  A l )  

Quant i ty  
Required 

2 f t  

2. F i t t i n g s  and miscellaneous 

3. Solenoid va lve  2 ea 

a c c e s s o r i e s  

4. Vacuum pump 

5. Cont ro ls  and e l e c t r i c a l  
a c c e s s o r i e s  

1 ea 

Weight 
( lbs)  

0.8 

1.0 

2.0 

20.0 

2.5 

T o t a l  system weight thus  comes t o  M 30.4 pounds. 

A search  of t h e  a v a i l a b l e  commercial l i t e r a t u r e  i n d i c a t e s  t h a t  

a two-stage pump composed of  a ro taky  carbon vane roughing s e c t i o n  

and a Rootes blower f i r s t  s t age  would be a l o g i c a l  type of system t o  

b e  employed. Based upon e x t r a p o l a t i o n  of  power requirements f o r  

commercial pumps, power requirements a r e  es t imated a t  0.5 horsepower 

o r  373W. Addi t iona l  power t o  o p e r a t e  t h e  so lenoids  and c o n t r o l s  

should n o t  exceed 25 w a t t s ,  so t o t a l  power requirements should 

approximate 400W. 
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7. RECOMMENDATIONS 

The pulsed gas chromatographic sepa ra t ion  technique has  been 

shown t o  be capable  of separa t ing  and/or enr ich ing  var ious  gas mix- 

t u r e s .  Work performed under t h i s  c o n t r a c t  (NAS2-3209) has indica ted  

c e r t a i n  t echn ica l  f a c e t s  of the approach t h a t  w i l l  r e q u i r e  a d d i t i o n a l  

i n v e s t i g a t i o n  before  the  f u l l  p o t e n t i a l  of the  PGC techtlique can be 

determined. Among the  f a c e t s  requi r ing  a d d i t i o n a l  efroi-t  are: 

1. 

2. Extended time opera t iona l  behavior 

3. Scale-up e f f e c t s  

4. 
5. Optimization of column packing 

Separat ion e f f i c i ency  as a func t ion  of mass flow 

Ef fec t  of contaminants on sepa ra t ion  e f f i c i enky  

It is  recommended t h a t  EOS expand t h e  e f f o r t  s t a t t e d  under 

NAS2-3209 t o  evaluate these  parameters and t o  conduct a system-analysis 

s tudy f o r  comparison of t h e  PGC technique wi th  o ther  systems being 

inves t iga t ed  f o r  gas separa t ion  i n  spacec ra f t .  
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