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ABSTRACT 

Many o f  t h e  chemical/biochemical/biological 

experiments proposed f o r  the  unnamed $jars Voyager missions 

require  a general-duty, chromatographic separator  f o r  

f rac t iona t ing  colnplex chemical mixtures p r i o r  t o  chemical 

analysis by a mass spectrometer or other device. Because 

of the complexXty of  such a separator,  a system analysis  

based on the  mathematical simulation o f  the  chromatograph 

is being undertaken. Models for an isothermal, packed 

,chromatograph colum f o r  use with a s ingle  component system 

have been derived but f a i l ed  t o  completely describe the 

e n t i r e  output chromatogram. The e f f e c t  o f  forcing functions 

o ther  than the  impulse function, used t o .de r ive  the various 

models , on chromatogram resolut ion w a s  invest lgated i n  

t h i s  report .  The analysis  showed tha t  sample in j ec t ion  

has a sizeable, but varying, e f f e c t  on the  output chronat- 

ogram. The sharper the peak resolut ion obtained with the 
0 

theore t ica l  impulse input ,  the quicker that resolut ion w a s  

l o s t  as a function o f  sample in j ec t ion  time. Correlations 

r e l a t i n g  t h e  in j ec t ion  time t o  l o s s  i n  resolut ion f o r  

various colum parameters i n  the  second order, equilibrium 
. -  

model have been prepared, Once the  final advanced mathematical 

model having the required accuracy needed f o r  system s tudies  

has been developed, similar correlat ions can be prepared 

using the techniques described i n  t h i s  work. 

vi 



PART 1 

INTRODUC TI ON 

1 

One important phase o f  t he  i n i t i a l  Voyager mlssions 

t o  Mass i s  t h e  search f o r  organic matter and l i v i n g  organ- 

i s m s  on t h e  martian surface,  The present concept f o r  at- 

t a in ing  th i s  objective consis ts  of subjecting samples of 

the  atmosphere and surface matter  t o  ce r t a in  chemical and 

biological ly-related react ions and the rea f t e r  analyzing t h e  

products produced. The most  l i k e l y  system for a general 

-chemical ana lys i s  appears t o  be a combination gas chromato- 

graph/mass spectrometer. This u n i t  would be a m a j o r  component 

in t h e  biological  and chemical laboratory o f  an unmanned, 

remotely controlled roving lander  for Hars, It I s  the 

ob3 ec t ive  o f  the  Chromatographic Systems Analysis progran  

t o  generate fundamental engineering d e s i g n  techniques and 

system concepts f o r  use  in optimizing the design of such a 

chromatograph separation system, Such a system should 

provide maximum resolut ion wlth ninirnum re ten t ion  times 

and minimum c a r r i e r  gas usage and should be*capable of 

separating components evolving from nany d i f f e r e n t  kinds 

of  experiments. 

Because of the  v a r i t y  o f  the mixtures t o  be sep- 

arated and t he  complexity o f  the f r ac t iona t ing  process, a 

system ana lys is  based on the mathematical simulation o f  t h e  

chromatograyh i s  being undertaken. The Le chnique w i l l  

use mathematical models, which w i l l  incorporate fundamental 

parameters evaluated from reported experiments, t o  explore 

various concepts and t o  d i r e c t  fu r the r  experimental research. 
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PART 11 

SUNMARY 

A mathematical model describing a s ingle  component 

i s o t h e m a l  chromatograph was developed from the  bas ic  d i f -  

f e r e n t i a l  equations which govern r a t e s  o f  mass t ranspor t  

i n  packed c o l m s ,  Neglecting second o r d e r  d i f fus iona l  

e f f e c t s ,  a so lu t ion  was obtained which adequately predicted 

r e t en t ion  times but f a i l e d  s i g n i f i c a n t l y  i n  pred ic t ing  peak 

spreading. 

f o r  systems evaluation, new s tudies  were undertaken t o  

Since a reasonably accurate model i s  required 

inves t iga t e  t w o  probable causes o f  peak spreading: gaseous 

diffuskon e f f ec t s  neglected i n  the f i rs t  o r d e r  model, and 

in j ec t ion  of  the  sample i n  f i n i t e  periods o f  time, The 

l a t t e r  t op ic  i s  the  sub3ect o f  t h i s  report .  

The forcing f'unction chosen f o r  study was tha t  of  

a s tep pulse  which was convoluted w i t h  the solut ion o f  t he  

first order model developed f o r  an impulse forcing function. 

Due t o  t h e  complexity o f  the  i n t e g r a l  r e su l t i ng  from the 

convolution, a computer program was developed t o  evaluate 

the i n t e g r a l  as a function o f  time by numerical methods, 

. This techzique was also agplied t o '  a spec ia l  solut ion of  

t he  d i f fus iona l  second order model in which the number o f  

t r a a s f e r  units vas s e t  equal t o  i n f i n i t y  (equilibrium ad- 

sorp t ion) ,  

The r e s u l t s  of  the  above ana lys i s  showed that 

sample i n j e c t i o n  has a s izeable ,  but varying, e f f e c t  on the 
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output chromatogram. Basically,  increasing injec'c;ion time 

has two e f fec ts .  First, s ince  the  in j ec t ion  function was 

more d i f fuse  than the theore t ica l  impulse function, t h e  

output functions were broader, and shor te r ,  than those 

associated with the  impulse flmction. 

varied with coluzlln parameters; however, as a general r u l e  

t h e  sharper t h e  theo re t i ca l  impulse peak, the  quicker that 

resolut ion was l o s t  as a function o f  sample in j ec t ion  time, 

The second e f f e c t  of i n j ec t ion  time w a s  t he  movement o f  t he  

. t heo re t i ca l  peak appearence time t o  l a t e r  values a s  the in- 

The l o s s  i n  resolutilon 

jec t ion  t i n e  increased. 

Information concerning the e f f e c t  o f  d i f fus ion  

on the  mathematical model vas a l s o  obtained when the  equi l ib-  

r i u  adsorption model of the second order system vas studied. 

Wen though diffusional  e f f e c t s  i n  the system under study 

were known t o  be small, inclusion o f  these e f f e c t s  great ly  

influenced the shape of  the r e su l t i ng  chromatograms. A 
0 

complete solut ion o f  t h e  second order model should fu r the r  

improve the predict ing of output chromatograms , hopefully 

t o  the pos i t ion  where the  required accuracy needed f o r  system' 

studies can be obtained. 

The technique o f  convoluting a pulse in j ec t ion  

func%ion w i t h  a mathematical model obtained using an impulse 

in j ec t ion  has proved feasible .  

mathematical representations of the in jec ted  function can 

Purther  s tudies  using o ther  
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be accomplished; however, i t  will be more impor t aa t  t o  

study t h e  e f f e c t  o f  i n j e c t i o n  upon the advanced mathematical  

model now befng developed. C o r r e l a t i o n s  concerning t h e  

l o s s  i n  r e s o l u t i o n  as a function o f  sample i n j e c t i o n  Lime 

and column p a r a n e t e r s  must be developed using t h e  advanced 

model i f  d e t a i l e d  system studies are t o  have value. 
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PART 1x1 

BACKGROUND 
. .  

The initial work 'bn the  f i e l d  of  chromatographic 

system ana lys is  w a s  done by Sliva (4) who derived a math- 

ematical model f o r  aa isothermal, packed chromatograph 

column f o r  use with 8 s ingle  component system. Basically,  

t he  
~. 

system works as f o l l o w s  0 A tube is packed w i t h  a 

granular solid, having dimensions g rea t ly  smaller than 

the  tube diameter, upon which a high molecular weight, 

. aon-volati le l i q u i d ,  Which 2 c t s  as an adsorbent, is coated. 

Continuously flowing throngh the column i s  a c a r r i e r  gas 

which i s  not adsorbed by the l i q u i d  coating. The mater ia ls  

Lo be separated a r e  in jec ted  i n t o  the c a r r i e r  gas stream 

and a r e  adsorbed by the  l i q u i d  as t h e  in jec ted  pulse 

f lows down the  column. The adsorbed materials W a l l  then 

desorb when the  pure c a r r i e r  gas, upstream of the in jec ted  

pulse,  passes over them. Separation o f  t he  various materials  

r e s u l t s  sfnce d i f f e r e n t  mater ia ls  aasorb and desorb a t  

d i f f e r e n t  r a t e s  depending upon the  the-rmodynamics o f  the 

system. Therefore, when a eonposition de tec tor  is mounted 

a t  the  end o f  t he  column, a peak for each conponent w i l l  

appear. 

The derivat ion o f  t he  dimensionless d i f f e r e n t i a l  

equation goveking the operation o f  a gas chromatograph 

was accomplished by performing a mater ia l  balance on a 

d i f  f eren.f;ial element of t h e  column using the following 
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assumptlons t 

1. 
2. 
3. 

4. 

5. 

6 .  

7. 
8. 

9. 

!Ehe column i s  isothermal, 
The c a r r i e r  gas ve loc i ty  p r o f i l e  i s  f la t .  
The axial diffusion coeff icfenl ,  D, is a 
composite f a c t o r  which may o r  may no t  have 
a turbulent  conponent. 
The gas composition i s  approximately constant 
in the  d3.rection normal t o  f low,  and the  
concentration g rad ien t  occurs only i n  a thin 
boundary l a y e r  near  t'ne adsorbent; i .e. ,  mass 
t r ans fe r  coefffcfents  could be used. 
The adsorbent l aye r  i s  s o  thin that  theTe is 
no diffusional  res i s tance  within t h e  layer  
in t he  d i rec t ion  noma1 t o  the surface. 
The diffusivity i n  the adsorbent l a y e r  i s  -so 
s m a l l  t h a t  there  i s  no diffusion in t h e  
d i r ec t ion  p a r a l l e l  t o  the surface (in the  
axial d i rec t ion )  . 
The n e t  r a t e  o f  adsorption f o r  the c a r r i e r  
gas is negl igible ,  
Only one component i s  adsorbed and its 
gaseous phase composition 1 s  very small. 
The c a r r i e r  gas behaves as an i d e a l  gas. 

2hree equa-tians a r e  required t o  express the  behavior of  the 

adsorbing component: a mass balance f o r  the  gas phase, a 

mass balance f o r  t he  adsorbent (Itquid) phase, and a 

thermodymarnic function relating the  gas-phase and adsorbed- 

phase concentrations. The respective equations in terms 

o f  d h e n s i o n l e s s  var iab les  a r e  : 
_. 

-E 

Gaseous diffusion o f  the  adsorbing compound In 

(111-2) 

*see P a r t  VII for nomenclature. 



the d i r ec t ion  o f  c a r r i e r  gas f l o w  i s  represented by the  

second der ivat ive appearing i n  Eq. (111-1 ). For an i n i t i a l  

so lu t ion  o f  t he  above th ree  equations, the gaseous diff 'usion 

e f f ec t s  were considered t o  be second order e f fec t s .  There- 

fo re ,  t h e  coef f ic ien t  o f  the  second der ivat ive i n  Eq. (111-1) 

was s e t  equal t o  zero, The so lu t ion  i n  the  Laplace t rans-  

form domain t o  the  above s e t  of equations for t h e  case of 

no axial diffusion i s  as fo11ows: 

For an impulse sample in j ec t ion ,  Eq. (111-4) i n v e r t s  t o  the  

following : 

The argument x is defined as: 
~- 

X = 2 v N % 0 g  z ( 6 - z )  mRo 

The above equation has been designated as t h e  f irst  order 

mathematical model o f  the  gas chromatograyh. 

Eq. (111-5) was compared t o  ac tua l  chromatographic 

data (41, and w a s  able t o  p red ic t  the re ten t ion  time of t he  

sample but i t  f a i l e d  s igni f icant ly  i n  predict ing peak 

spreading. Since a reasonably accurate model is required 

for systems evaluation, new s tudies  irere undertaken t o  
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i nves t iga t e  -two probable causes of  peak spreading: gaseous 

diffusion effects neglected i n  the first order model, and 

ingeetion of  the sample in finite periods o f  t i m e .  

laLter t o p i c  is the subject o f  t h i s  report .  

i 

The 

At the time this repor t  m s  completed, a complete 

solution o f  Eqs, (ISI-1) (111-2) and (111-3) including the 

gaseous diffusion t e rn  had not been accomplished, However, 

a special  case i n  whhh X t o g  was infinite had been solved 

and is b o r n  as the equZliLbrim adsorption model ( 6 ) .  

s o b t t i o n  is: 

The 

This equation vas also derived considering the sample to be; 

i n j ec t ed  in the form o$ an impulse, 

ThSs study i s  concerned with the e f f e c t s  o f  f i n i t e  

sample injection time upon the' mathematical models sepresentyl  

by Eq, (If?-5) and Eq, (111-6) 
a 
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PART IV 

TEEORY 

In order  t o  deternine the e f f e c t  o f  forc ing  

fullctfons o the r  than an impulse upon output resolut ion,  

we decided t o  use the f irst  order  model, Eq. (XSI-5) , as 
our first poin t  o f  analysis ,  The choice o f  t h i s  model w a s  

made f o r  two reasons. FZrst, the  first order model i s  the 

l e a s t  complicated ma-bhematical expression w e  have which 

- a t t empt s  t o  describe an output chromatogram. By use  of 

t h i s  model we hoped t o  obtaain qualitative correlations 

between coluan parameters ( H t o g ,  nRo)  and sample in j ec t ion  

time. Secondly, a t  t h e  time t h i s  pro jec t  was s t a r t e d ,  a 

complete solut lon t o  the second order model IELS not avai lable .  

Once the  techniques o f  analyzing the e f f e c t  of  sanple in- 

Section on o u t p t  resolut ion a re  developed f o r  the s impl i e r  

first; o r d e r  model, they can then be appliied t o  more corn- 

p l i ca t ed  mathematical expressfons such as the equilibrium 

a d s o r p t i o n  second o r d e r  model Eq. (111-6) . . 
. The forcing m c t i o n  chosen f o r  study is that  

o f  a s tep  pulse. 

s t ep  pulse  ~13.13. m o s t  probably be a good representat ion o f  

The reason f o r  th i s  choice i s  that the 

the  forc ing  function associated with a mechantcal i n j ec t ion  

uni t ,  which w531 be necessary on a roving lander. 

The Laplace trmsform form o f  a s t ep  pulse  input  

is (4): 
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e,., t h e  dimensionless i n j ec t ion  t i n e ,  i s  defined 

as: 

much the  sane ~y as the dimensionless time 8 is  defined, 

7 represents  the t ime f o r  sample i n j ec t ion ,  

It should be noted tha t  the limit of  Eq. (IT-1) 

as 8, approaches zero i s  that of  an impulse function where 

%he sample size, as a dimensionless quant i ty ,  i s  defined 

I The problem i s  now t o  determine how this pulse 

function a f f e c t s  the first order model described by Eq, (111--5}. 

Multfpllczc-tion of: the  transform of the first order model 

Eq, (XIS-4) by t h e  transform of the pulse input  Eq, (1%-1) 

gives: 

or 

g ( z o s )  = %m - ( I V - 2 )  
CjT w 

.- It w i l l  be noticed that  t he  above equation f o r  

g ( z , s )  cons i s t s  o f  t he  difference between two te rns .  The 

terms are exactly the same except that the  second tern is 

delayed by an mount  equal t o  the sample in j ec t ion  time. 

Therefore, the  a b i l i t y  t o  i n v e r t  y(z,s)/s a s  a function o f  
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0 ~3.11 permi t  solut ion o f  Eq, (IV-2) in the time domain. 

The solution of  y(z,s)/s w i l l  be done by the 

'method o f  convolution ( 1 ) : 

Therefore, w e  have t o  evaluate the f o l l o r ~ L n g  in t eg ra l :  

The integral i s  conposed of two terms, one associated with 

the Bessel function and one associated w i t h  the  delta- 

function, The contribution by the delta-function term 

may be shown t o  be: 

by subs t i t u t ing  the  definition o f  the delta-&cthon into 

. the  i n t e g r a l  and performing the  integrat ion.  It w i l l  be 

noted tha t  t h i s  part of  the in t eg ra l  is not time dependent. 

Referring back t o  Eq. (IV-2), 5.t w911 be seen t h a t  the  above 

expression w i l l  appear i n  both  t e rns  and, since i t  i s  not 

dependent on time, w i l l  cancel itself out, Therefore, w i t h  
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specific reference t o  solving Eq. ( I V - 2 ) ,  t he  integral 

can be reduced to :  

J 

To 

of 

make the  i n t e g r a l  more manageable, the  f o l l o w k g  change 

var iab le  was made: 

Subs t i tu t ion  o f  the  above var iab le  change in to  Eq, ( I V - 4 )  

' y ie lds  : 

No&? that  when the  lower limit was changed, t h e  new lower 

limit vas a negative nmber. 

no ef fec t  on the i n t e g r a l  stnee t h e  sanple is injected a t  

time equal t o  zeroI Hence, the  lower l i m i t  can be s e t  t o  

zero 

However, negative times have 

An attempt t o  solve Eq, ( I V - 5 )  ana ly t i ca l ly  by 

expanding the  BesseX functfon, fl(h), in a s e r i e s  expansion 

and. in tegra t ing  tern by t e r n  failed, 

was t o o  bulky aad converged t o o  slowly to be useful .  

fore ,  8 cohputer program was wri t ten  (see appendix)' t o  

rrumerically evaluate the  above Zntegral as a f u c t i o n  of 

8. 

as a function of 0, Therefore, a r e su l t i ng  point on the 

output c'rironatograa' generated by a s tep pulse forcing 

The r e s u l t i n g  s e r i e s  

There- 

The output l i s t e d  the time domain solut ion o f  y(z,s)/s 
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function could,be Pound by the  followtng formula: 

( I V - 6 )  

where F(0)  i s  the computer program output of the so lu t ion  

o f  Eq. ( IV-5)  evaluated a t  8 .  

A completely analogous der ivat ion can be performed 

on t h e  equilibrium adsorption nodel ,  

described by Eq. (111u6)9 t he  i n t e g r a l  became: 

For t h i s  model, 
- .  

This integral was also solved- by a computer program using 

the  t e c h i q u e  developed for t he  first orde r  model. The 

output f rom this program is ,  as before,  a l i s t i n g  of the 

t ine  domain solution of y( z,s)/s as a function of 0. 

Eq. (IT-6) can be used t o  generate the required output 

chromatograrms 

Hence, 
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PART V 

RESULTS AXD DISCUSSION 

In studying the  first o rde r  model, we a r e  prfmarily 

in t e re s t ed  i n  determining, in a qua l i t a t ive  maaner, t h e  

e f f e c t  sample 2njection time has on the  output chromatogram. 

We hope t o  be ab le  to develop techniques of ana lys i s  arid 

some basic  correlations r e l a t l a g  llnjection L i m e  and column 

parameters t o  t he  chromatogram which can then be applied t o  

more complicated models, Before evaluating the results o f  

. a Gee-,, pulse forcing f u c t i o n ,  it would be usefu l  t o  review. 

the e f fec t  var3.ou.s c o l t m  parame-ters h2ve on ota-kput res- 

olutfom for an impulse injection fw~ctiorr.  A more complete 

description o f  t l e s e  effects appeased 3n t h e  e a r l i e r  

s tud ies  (4), 

The two m J o r  co'lrmn parameters which describe 

output resolution a re  the  number o f  t r ans fe r  units N t o g ,  

a dimeasionless quant i ty  r e l a t e d  t o  t h e  e f f ic iency  o f  the 

adsorptlon process, and mRo, a themodynam%c function re la ted  

t o  component volatilities. The magnitude of: N t o g  is af fec ted  

by c a r r i e r  gas velocf ty ,  p a r t t c l e  dlameter and column length.  

Decreasing the first two and increasing the latter w i l l  

increase the value o f  Ntog, Large values of X t o g  cause 

the chromatogram peak t o  becolne sharp, leading t o  good 

resolut ion,  zlow values cause short ,  broad peaks which may 

tend t o  overlap, thus decreasing resolut ion,  

'The time o f  peak appearance, with no a x i a l  diffusion,  
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is a d i r e c t  f’u.nc-t;iour o f  m%. 

equation for the  f i rs t  order 

and determining the l irnit ing 

Th9s is sh01i.11 by taking the 

model i n  the  transform donrain 

case by s e t t i n g  M t o g  equal t o  

i rnfb i ty .  Thus Eq. (IIE-4) becomes i n  the l i m i t  as Ntog 

approaches i n f i n i t y  : 

The above equation shows that f o r  W t o g  equal to inf inf ty ,  

the forcing flanctfon, A ( s ) ,  w i l l  appear exactly 8 s  fngected 

at a later ‘cine ( 1 + l/.u@, 1. 
of’peak appearence, 

deferred as: 

Hence, the theore t ica l  time 

for t he  ideal ized system can be 

If axial diffusion is present, 8,-r.rJI11 also have a dependence 

on the Becbet nullzber, Pe, a measure o f  the amomt o f  

d i f  f’ushon ( 2 , 6 ) .  

mR, can therefore  be considered a measure of r e l a t ive  

component v o l a t i l i t f e s  s ince highly v o l a t i l e  substances w i l l  

appear first. Each component hot.rever, does not have a 

unique mRo. Temperature, pressure, a d  the type o f  adsorbing 

substrate used a re  a l l  f ac to r s  i n  the deternoination of  rn% 

f o r  a specific chromatograph. Table I shows approximately 

how mI$, v a r i e s  for d i f f e ren t  conpounds xhen using a column 

composed of a l i q u i d  subs t ra te  o f  20% by w e i g h t  s i l icone  

gzease .on a 60/80 mesh chromosorb packing at one atm. pressure 

and 5OoC.(3). 

. .  . 

It can readi ly  be seen i n  the  alkane series 
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TABL’E I 

mRo as a Function o f  Various Compounds 

Compound 

Methane 
Ethane 
Propane 
Butane 

. Pentme 
Hexane 
Heptane 
Octane 

Ethylene 
Propylene 
Isobutyl eae 
1 -Butene 
trans-2- Bu t ene 
ci s-2-Bu t ene 
1 -Penteene 
trans-2-Pen t eDe 
cl, s- 2-P e a t  ene 
1 -Hexme 
trans-2-Hexene 
cis-2-Kexene 

15.0 
3.7 
1.5 
00f56 
0.23 
0.092 
0,038 
0.045 

7.5 
1.8 
0.62 
0.62 

. O o 5 2  
’ 0.45 

0,26 
0.21 
0.20 
0.10 
0.089 
0.081 

Conditions: Sil icone grease, 205 by weight on 60/80 

1 a t m ,  pressure 
mesh chromosorb 

50% 
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t h a t  as component v o l a t i l i t y  increas-es , mRo increases 

causing ear l ie ;  t heo re t i ca l  peak times. 

For a constant N t o g ,  some output resolut ion i s  

l o s t  as mRo decreases. Theoretical impulse peaks for pentane 

(mR, = 0,23)  a r e  sharper than peaks f o r  hexane (mRo = 0.092), 

when. a l l  other  var iab les  a r e  kept constant (4) .  

To begin the ana lys i s  o f  sample in j ec t ion ,  consider 

the case of the i d e a l  column described by Sq. (Val). In 

t h i s  column the re  i s  no d i f f u s i o n  and an i n f i n i t e  number o f  

t r ans fe r  un i t s .  Therefore, the  forcing function w'l l l  appear 

unchanged at 8,. Figure 1 shows the output o f  various input 

functions f o r  a sample s i z e  A ( t )  of  0.05 and an mRo o f .O .2  

. (e, = 6 ) ,  !lho items should be noted f r o m  t h i s  f igu re ,  F i r s t ,  

the  area under each o f  the  peaks i s  the same in a l l  cases 

and. i s  equal t o  the  sample s i z e ,  Secondly, peaks f o r  the  

s t ep  pulses a r e  not centered around the theo re t i ca l  peak 

time, en, but start a t  8,. 

leading edge o f  the puLse input cannot reach the end o f  the 

column any f a s t e r  than the impulse function. Since the 

f r o n t  edge of t h e  pulse input  starts a t  8 = 0 and ends a t  

€3 = eT, t h e  f r o n t  e d g e  must appear a t  8 = 0, and end a t  

The reasorz, f o r  t h i s  i s  that  theQ 

0 

8 = 8, + 0,. 

we would expect theore t ica l  peak appearance time t o  move 

as sample in j ec t ion  time increases.  

If  t h i s  analysis  i s  carried over t o  r e a l  systems, 

In order t o  be ab le  t o  compare the chromatograms 

r e su l t i ng  from the  f irst  order model with those from an ac tua l  

system, it was decfded t o ' u s e  the  same column p a r m e t e r s  used 

in the  previous evaluation o f  the  madel (4)  and summarized 
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8 

F i g u r e  1: Idealized model - mRo = 0.2, A ( t )  = 0 . 0 5 ,  V/s = o.25 



Table SI, The r e s u l t s  o f  a s t ep  pulse in j ec t ion  of  various 

times a r e  shom in Figure 2. The curve labeled t lactualt '  

was obtalne& by i n j e c t i n g  a l i q u i d  pentane sample, by means 

of  a syringe, h t o  the  column described i n  Table 11. 

As predicted,  vhen sanple injec%ion time increases ,  

the tfme of  t h e  m a x i m w n  p o i n t  moves t o  a l a r g e r  value. The 

impulse peak i s  centered around 8 = 6 as described by Eq. (V-2). 

However, the one second pulse peak is centered around 8 = 6,125 

which i s  the exact time the  one second pulse peak of Figuse 1 

is centered around. As expected, reaolut'ion i s  l o s t  as 

sample injection t f n e  increases,  Peak height  i s  lowered with 

the r e s u l t i n g  broadening o f  %he peak base since the  area 

under each curve must r m a i n  constant, 

h o t h e r  po in t  o f  i n t e m s t  i s  that the bas ic  symmetry 

of  the impulse peak i s  no% l o s t ,  The one second pulse peak 

1 s  j u s t  as symmetrical as the  Impulse peak, Secomdly, t he  

peaks a l l  s ta r t  t o  appear about the sane t i n e ,  men  though 

the base of t he  one second pulse peak i s  much wider than 

the impulse peak, the i n f t i a l  parts do not  dverlap, This 

fu r the r  supports the  statement tha t  t he  leading edges o f  a l l  

input  functions do reach the end of the  column a t  the  sane 

time if axial d i f f u s i o n  is not  present. 

To show the influence o f  colulnn parameters upon 

sample injection e f fec t s ,  i t  w i l l  be necessary t o  develop 

8 corre la t ion  between e,, and t he  loss in reso lu t ion ,  The' 

amount o f  resolut ion,  as compared t o  a peak obtalnbd using 

a theore t i ca l  impulse i n j ec t ion ,  can be measured by two 
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Summary of Colum *Parameters used 
in Testing F i r s t  Order Model 

Length, cm. 

Diameter, ca. 

P a r t i c l e  diameter, cm. 

Void f r a c t i o n  

Surface area,  crn?/ca? 

Tempera-Lure *C 

Pressure , a t m .  

C a r r i e r  gas f l o w  rate 
cu. crn,/sec. 

Carr ie r  gas v e l o c l t y  
cm./sec. 

w 

61 .O 

0.46 

0,0214 

0.4 

168 

50.0 

1.0 

1 e o  

35.23 

0.05 

*tog 14,300 
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methods, 

o r  the amount of base broadening can be.used. 

.glance, i t  would be asswed that  the  2rnowlt o f  base broadentng 

should be used s ince  overlap o f  the peak bases is %he d i r e c t  

cause of resolut ion problems, However, since the  curves 

are symmetrical and the  area xnder each curve is a constant, 

Either the ratio o f  peak heights  (pulse/inpuLse) 

A t  first 

-the loss in peak height can be directly re la ted  to the  base 

broadening, Alsoo the  measurement o f  peak height can be 

made very accurately,  irhtle t he  exact s t a r t i n g  and ending 

poin ts  on the base o f  the curve may be d i f f i c u l t  t o  measure, 

' dependling upon the  amount o f  accnracy ciesired. Therefore 

the  decision t o  use the r a t i o  o f  peak heights  as a measure 

of t h e  l o s e  i n  resolut ion vas made, Since the appearance 

time f o r  the impulse peak is c h a r a c t e r i s t i e  o f  the system, 

.a correlat ion concerning aeesoZuLion should reflect this fact, 

Therefore , ins tead  of p lo t t i ng  the  ratls o f  p e 8.B heights  

against  0, alone, a r a t i o  of S,/em = 0,/ ( 1  + 1/mR0) i s  

used, 

r e l a t i o n  showbg t h e  e f f e c t  sarnpbe injectLon time has on 

Figures 3 and 4 are two p l o t s  using the above cor- 

output resolut ion as column parameters a r e  varied?. 

Figure 3 shows the above cor re la t ion  as X t o g  i s  

1% can be seen that the held constant and mRo i s  varied.  

l o s s  o f  resolut2on as sample injection time increases  i s  

The loss i s  not  as . * f a i r l y  constant as mRo i s  changed. 

noticeable for low values o f  mR,; however, the  initial 

resolution 0% the  impulse pezk f o r  a low value o f  I~R,  1s 

not as sharp a s  that f o r  a hfgher valu- e of This 
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corre la t ion  i s  ,useful i n  t h e  f o l l o w i n g  manner, 

a s e t  o f  operating conditions i s  specified f o r  the lander  

Suppose 
3 

chromatograph, 

propert ies ,  mR,, o f  a s e t  o f  compounds t o  be detected 

Consider a l s o  that  the thermodynamic 

are  known; e,g. t w o  compounds having values o f  mRo of  0.25 

and 0.20 respectively.  With the  qua l i ty  of the detect ion 

system ava i lab le ,  suppose a r a t i o  of pulse peak height t o  

impulse peak height o f  0,85 might be tolerated i n  detect ing 

the two compounds, If' the peak height r a t i o  i s  l e s s  th8n 

0.85, enough resolut ion i s  l o s t  s o  that  detection i s  uncertain,  

Referlng t o  Pigure 3 ,  it  can be seen that  f o r  a 0-85  r a t i o  

i s  0.02. This means 'chat i f  the theo re t i ca l  time of  

peak occurance of  one o f  t h e  cornpounds is 20 seconds, then 

the  sample injectlion t i m e  must be l e s s  than 0,4 seconds i n  

.o rde r  t o  achieve a 0.85 peak height r a t io ,  

Figure 4 shows the e f f ec t  o f  9, on reso lu t ion  

as a function o f  N t o g ,  

concerning the  e f fec t  b f  sample in j ec t ion  t ine .  

be noticed tha t  f o r  a l o w  value of 3tom sample in j ec t ion  

has very l i t t l e  e f f e c t  on output resolution. However, a t  

This p l o t  polnts out one m a j o r  f a c t '  

It w i l l ;  

D 

the  impulse peak has extrenely . p o o r  resolut ion as low *tog 
shown i n  the previous s tudies  (4) .  The impulse peak f o r  

an N t o g  o f  1000 i s  a very s h o r t  broad curve which is equiv- 

alent t o  a l m o s t  no resolution, The impulse peak f o r  an 

Ntog o f  50,000, on the other hand, i s  extremely t a l l  and 

narrow. I n  fact ,  i t  is a l m o s t  a spike peak, This i s  the 

type of peak w e  des i r e  f o r  maximum resolution. However, 



25 

0 cn M 

d 0 0 
. 

0 
4 

0 

cn 
0 

0 

co 
0 

0 
. 

h 
0 

0 

\D 
0 

0 

In 
0 

0 

-I- 
O 

0 

M 
0 

0 

c\l' ;. 
O Q  

0 

rl 
0 

0 

0 

0 
N 

0 

II 

& 
k 

. 
0 

h 

rl 
a, 

Td 

iz 
k 
a, 

Td 
k 
0 

c, 
v) 
k 
*rl 
+4 

I 

F: 
0 
.rl 
c, 
3 
Fi 

0 
v) 
a, 
k 

F: 
0 

bo 
0 
c, 

2; 

+4 
0 

c, u 
a, 

+4 
+4 w 

-f 

a, 
k 
3 
bo 
.rl 
F4 

.. 

In b- 

0 0 



the  resolut%on f o r  a curve with an gtog o f  50,000 i s  very 

quickly l o s t  t o  sample in j ec t ion  time. 

responds t o  a theoret ic21 peak time of 20 seconds, w i t h  an 

%og of 50,000, a s tep  pulse input  of only 0.5 second causes 

the ou-tput peak t o  be one-half the height of the theo re t i ca l  

I n . f a c t ,  if ea cor- 

impulse peak, This emphasiizes the general e f f e c t ,  which 

was a l s o  noted in Figure 3 :  the sharper ‘the theo re t i ca l  

impulse peak, the  quicker the resolut ion i s  l o s t  as a, function 

of sample in j ec t lon  t ine .  

Since i t  is’ borm tha t  the f irst  o r d e r  node1 Pails 

s i g n i f i c a n t l y  1x1 predict ing the chromatogram even with the 

addition of sample inJec t fon  time (Figure 2), it was decided 

t o  expand the ana lys i s  t o  a spec ia l  case o f  the second o r d e r  

model which had been solved. By doing this we hoped t o  

.accomplish three objecttves.  Plrst, by means of a spec ia l  

second o r d e r  model , we hoped Lo generate chromatograms which 

would more accurately describe the actnal sys’eem. Secondly, 

the spec ia l  second order system would allow corre la t ions  

on t h e  Peclet  number Pe, a measure o f  the  axial  diffusion, 

Final ly ,  t7e wanted t o  show that  the technique used t o  axalyze 

the  first order model could be applied t o  other mathematical 

models s o  that when the  f i n a l  model i s  developed, a pro- 

cedure f o r  analysfng the e f f e c t s  of  sample iurjectSbon would 

be avai lable .  

The special  case of  the second order model i s  that 

It i s  hoped tha% of  equilibrium adsorption ( t n f i n i t e  Ntog) , 

this  assumption of an i n f i n i t e  number o f  t r a n s f e r  units i s  



not far from r e a l i t y  since the value of  N t o g  used in the 

t e s t  systcn vas equal 'to 14,300, 

in the  f i rs t  o rde r  model gave theoretical impulse peaks 

which were tall and narrow, approaching the spike peak 

This l a rge  value o f  Ntog 

obtained for i n f i n i t e  Ntog, 

-811 estfmate of the Peclet  nwaber f o r  the t e s t  

colmm vas obtained (Pe = 3000) and used t o  generate t h e .  

r e s u l t s  shown i n  Figure 5. Thls figure i s  the  equilibr3.m 

adsorption cownteqar t  of  figrare 2, Both f igures  have the  

sane ardinates f o r  conpartson purposes. One %%em should 

be kept i n  m b d  when conparing Figuses 2 aad 5. High values 

of Pe mean l o w  diffusion, and the upper l lmi t fng  value 0% 

Pe a't h-Pglz flow rates is about 3000 (2). Therefore, Figure 

5 is a graph of an output  chromatogram f r o m  a column. in 

.whfch d i f fus iona l  e f f ec t s  are rela"cve3.y small. The firs% 

order  model was der ived  consfderlng Vne effect of diffusion 

was negl ig ib le ,  Bowever, Figure 5, vhen compared -to Figure 

2, shows t'nat even though cihffustonal e f f e c t s  may be small, 

they a r e  extremely influential on the shape'of the output 

chromatogram and must be considered if an accurate mathe- 

matical  nodel is t o  be derived, 

The theoret ical  time o f  peak occuraace 8, is no 

longer a simple function o f  mRo as i s  shown i n  Eq. (V-2 ) ,  

but i s  a functfon o f  both mRo and Pea 

occurance time of  the 0.2 second pulse and the one second 

pulse in Bigure 5 i s  exactly the  same as the peak occurance 

time of  these pulses i n  Figures 1 and 2, This is fu r the r  

However, the peak 
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proof that di f fus iona l  e f f ec t s  are sinall for %hi s partlcular 

case. 

these peaks i s  the sane as tha t  o f  the ac tua l  chromatogram 

and the  peaks a r e  no longer syxmetrical, although they a r e  

It shouid also be noted that the s t a r t i n g  po in t  of 

not as skewed as t h e  actual curve. In  surnmnry, the equilib- 

rZum adsorption case of  t h e  second order rnodel more accuratly 

p red ic t s  an ac tua l  chromatographic system than does a sfmple 

f i r s t  o r d e r  model, 

second order model m l u t 3 . 0 ~ ~  should lower’ peak heights  even 

further and hopefully be an acceptably accurate mathernalical 

The ttddiilon of ITtog, %.e. a complete 

’ model f o r  use in systen studies. 

The e f f e c t  o f  c h m g h g  Be i s  shown i n  Figure 6, 

The value sP Pe i n  this f igure  i s  63,  meanZng a l a r g e  a a o u t  

OP difr”us2on is present. 

a r e  e n t i r e l y  d i f f e r e n t  from those of  Figure 5, 

T ~ S  t o  be graphed on Biare 5, it would appear a l m o s t  l i k e  

Note %hat t’ne sca les  of‘ Figure 6 

IS Ffgurc 6 

a s t ra ight  line running along t h e  bot tom o f  the  p l o t ,  

figure I s  included f o r i t h r e e  reasons, 

This O 

First;, it show the 

skewness associated with t h e  diffusional  second order model , 

Secondly, t he  theo re t i ca l  peak tiime i s  qui te  d i f f e ren t  than 

the  corresponding peak t i n e s  fn Figurss 1 ,  2 and 5 showing 

. a dependence o f  8, on Ye. 

the  f a c t  tha t  %he only e f f e c t  sample in j ec t ion  tfme has on 

a peak trhich i n i t i a l l y  i s  extremely broad i s  t o  move the 

theore t ica l  peak time t o  a s l i g h t l y  l a t e r  value. 

Most i n ~ o r t m t l y ,  however,  i s  

B o t h  

curves i n  Figure 6 a r e  a l m o s t  exactly the  same except f o r  

the  t ime displacement. This p l o t  fur ther  s q p o r t s  the 
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statement t ha t  . t heo re t i ca l  peaks which i n i t i a l l y  a r e  broad 
3 

will n o t  l o s e  reso lu t ion  as sample inJec t lon  time increases.  

A s e t  of  cor re la t ions  similar t o  those o f  Figure 4 

are  presented i n  Figures 

Zs af fec ted  at  d i f f e r e n t  values of Pe for three values of  

89 and 9 showhg how reso lu t ion  

(0.5, 002, 0.038). Agaln the e f fec t  o f  i n i t i a l .  r e  so  lu ti on 

i n  shown, 

%nftltal. resolut ion and the peak s h q e  i s  unaffected by 

A t  a Peclet  number o f  60, there  is almost no 

sample injection time. A s  Pe Increases,  the chromatogram 

becomes l e s s  broad a d  sample in j ec t ion  time becomes nore 

important, 

The effect; of varying mlio a t  const8:in-t Pe can also 

be seen in Figares 7, 8, and 9. Thfs e f f e c t  i s  also shown 

separately i n  Figure IO using a slightly d i f f e r e n t  correlat ion.  

'Thls correlation can conviently be used wi th .  the example 
. .  
given previously in t h i s  section, If you lrnow f r o m  previous 

s tud ies  that 2. ratio o f  pulse peak height t o  impulse peak 

height  o f  0,g can be tb le ra ted ,  then the  maximu allowable 

sample in j ec t ion  time at the  spec i f i c  mRo i n  question can 

be obtakmed from Figure 10, One point  should be noted, 

As mRo in'creases9 €17/ea decreases, 

en also decreases causing 8, t o  decrease even more rapidly 

than would appear f r o m  the p l o t ,  

However as m% kncreases, 

A complete solution o f  the second order nodel  ell 

tend t o  s h i f t  t he  correlat ions o f  Figure 10 t o  the r i g h t ,  

thus reilucing ' the  ef f e e t  of sample in3 ec'cion time. However, 
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it has been shown by u s e  of the above techniques that  

sample in jec t ion  time is a def in i t e  fac tor  which must 

be taken i n t o  consideration if a complete description 

> 

of output  resolut ion 1s  desired. 
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The major conclusion which must be dram from 

the preceding ana.lysis is %hat sample injection does have 

a s izeable ,  but varying, e f fec t  on the output chPornatogran 

and nust be included in any detailed system study in. 

or&er  to obta%n accurate results. 

Basically,  iricreasing in3ectfon %$ne has f v o  

effects on the chromatogram. F i r s t ,  because the Zujectfom 

function f s  more diffuse, the  output fnnc'slon w i l l  be 

broader ,  and shorter since the  area under each curve must 

be the s m e ,  the r e s u l t  being a loss i u ' r e s o l u t f o n .  This 

loss in resolut ion,  

t heo re t i ca l  kinpulse 

as conpared to a p eak o b t a k e d  

depends upon the 

parameters Pe, N-i-i-oE;9 and mR,, 

of sample iqject%on t i a e  is more notlfceable as the values 

Spsc l f ica l ly ,  t he  effec'i 

of t h e  above parareeteers increase. Mo s e t  fornula has been 

obtained, as of now, as to how sample injection tfme affects 

a combination of the above-parameters. However, as a 

general rulep the  sharper the theoretical itmpulse peak 

(taller and narrower) , the  quicker " c h a t  resolution i s  l o s t  . -  
as a functfon o f  sanple In jec t ion  time. The second notice- 

a b l e  effect o f  i n j ec t ion  -time i s  the movement of theoretical 

peak t imes,  em, t p  l a te r  values as the injection time in- 

creases. The cause 0% this phenomenon 5 s  due to the finite 

amount o f  -t;ir?le need'ed =to complete the t o L a l  injection of 
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t he  sample, Since the  t o t a l  sample i s  not  i n s ide  the  

c o l ~  until a time 8, grea te r  than zero,  the maximan potn t  

o f  t he  output must be delayed from the  theo re t i ca l  peak 

tfme obtained when the  t o t a l  s m p l e  i s  in jec ted  i n  zero 

time (Inpulse) . 
Information concerning the effect o f  dfffusion 

on the mathematical model was obtained when the equi l ibsiun 

adsorption model o f  the second order system was investigated.  

Wen though dkf€usional e f f e c t s  in the  systeln under study 

a r e  lmom t o  be small (Pe = 3000) ,  incluslon of these 

effects grea t ly  1,nfl-uences the shape o f  the  r e su l t i ng  

chromatograms over a model which neglected them. A complete 

so lu t ion  o f  the  second. o r d e r  model should fur'cher Improve 

the predict ing o f  output chromstograms hopefully to the 

posPtion where the  required accuracy needed f o r  system 

s tudies  can be obtained, 

The technique o f  convolu-ting a pulse 1njec"con 

,function with a mathematfcal model obtained using an inpulse  

injection has proved f e a s i b l e  on systems other than the 

o r ig ina l  first order  model. 

mathematical representat ions o f  the in jec ted  function can 

be accomplished; however, I do not believe they 161511 

Further s tud ies  using other  

produce any more useful infomatiion 'than has already been 

obtained, It i s  nore impor tan t  t o  study Yne e f f e c t  o f  

in3ectio-a upon t h e  advanced model now being developed, so 

.that corre la t ions  can be developed f o r  coaplete system studies.  
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A(%)  z mathematfcal representation of  sample injec-tfon 
itnto chromatographic colurnn 

D = dLffusion coef f ic ien t ,  sq ft/sec 

F = computational aid 
€5 = mole f r a c t i o n  0% component i n  gas for pulse input 

= modifaed Bessel functfon o f  the first kind of 
order n 1, 

s = computational a i d  

L = l ength  of  packed bed, f t  

m 

N = sample size, Lb-moles 
= adsorption equilibrium constant, y% = mXL 

&tog = number of transfer ~ i n f t s  available f o r  adsorption, 
dimensionless 

Pe 

Ro 

S 

t 

v 
w 
X 

x& 

Y9 

Y 

2 

21 

= Peclet number, (vL/D) , dimensionless 
= ratlo o f  moles  02 gas in bed t o  moles of Liquid 
in bed 

= Laplace transfora variable ,  dlmenslouless 

= time, see 

= tme gas velocity, ft/sec 

= molar flow rate of gas, Ib-moles/sec 

= posiLion o r  distance in packed- bed, ft 

C: mole fraction of component in l i q u i d  

= mole  fraction of conpoxtent hi gas 

mole fraction of component i n  gas which is in 
equilibrim with liquid phase 

= dimensionless l ength ,  X/L 

= variable  of integration 
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= dZmensionless time corresponding Lo maxlmm poXnt 

= dimensfonless sample in3 ection time , 7/( L/v) 
on output peak 

0-r 

h. 'L var iab le  o f  integrat5on 

7 = sample in j ec t ion  time, sec 
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In order t o  be able Lo convolute a rectangular 

pu lse- forc ing  function with the  f irst  order mathematLca1 

model, Eq. (IV-5) must be integrated.  Since ana ly t t ca l  

techniques proved t o o  bulky t o  manipulate, t he -  decision was 

made to numerically integrate Eq, ( I V - 5 )  by means o f  a 

computer program, 

r u l e  -with the Bessel  function expanded i n  an asymptotic 

series. The ou tpu t  f r o m  thSs program, for a spec i f i c  Ntog 

and mRO9 i s  t h e  cumulative area under the output chromatogram 

The technique used is that of  Simpson’s 

as Q var ies  from zero t o  its f i n a l  value. The technique 

developed i n  Part IV as Eq, (IV-6) can then be applied t o  

t h i s  output ,  thus generating the  reqwlred chromatogram f o r  

various szmple injec’tfom times 

PROGRAX A and the  associated BESI subrou-tlne a r e  

spec i f i ca l ly  designed t o  solve Eq. ( I V - 5 ) .  The main program 

i s  a modification o f  an IBN supplied in tegra t ion  subroutine 

(5) which uses  i n t e r v a l  halving over the range o f  the  i n t e r v a l  

( A , B )  until a required accuracy i s  obtained. Once hz;ving 

. computed the  value of t h e  i n t e g r a l  ( S I I )  for the  lth tfme 
th the interval i s  halved, the interval i s  halved f o r  the  ( f  + 1 ) 

tine and the i n t e g r a l  is recalculated (S) .  

DEL 

f i n a l  value o f  the  in t eg ra l .  If the  above inequal i ty  is not 

If ]E3 - SII] 4 
I S 1  where DZL i s  the  required accuracy, then S i s  the  

met, the  i n t e r v a l  is halved again u n t i l  the inequal i ty  i s  
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solved o r  a maxirnm (IIULX) number o f  i n t e r v a l  halvfmgs has 

taken place, 

gram fs that t h e  'total area under %he chromatogram (SS) i s  

calculated i n  increments o f  be = 0.09 in the following 

The modification t o  the Simpson's male pro- 

manners 

where' 01 is the  initial value o f  the ta  (TZETAI) , and 8f i s  

the  f i n a l  value o f  theta (TRETAF), both of  wh9ch a r e  read 

in as datae Each i n t e g r a l  i n  the  formula f o r  SS i s  calculated 

separately according to the above procedure. A f t e r  each 

i n t e g r a l  i s  calculated,  the fo l low3~1g  i s  written as output: 

upper limit 02 the in t eg ra l  ( T I ~ T A ) ~  to-iia.1 value of SS, 

value of  the  'antegsal in question ( S ) ,  and t h e  total umber  

' o f  fncrments  into which the  i n t e g r a l  m s  d.lvided (H). 

The BESS: subsomtine used with P R O G U M  A is also 

a modification o f  an XBI4 smpplted subroutine (5 )  which w i l l  

compute Iq(h) o f  Eq. ( I V - 5 ) .  The modifications a re  as f o l -  

lows, 

imation i f  7iSt2<,n9 and i n  art asynptotic approximation if 

h >I2 > n e  

BESP subroutine of PROGIiAN A due t o  underflows which developed; 

however, this has no e f f e c t  on the accuracy o f  the cornpu.tatfons, 

The only place %n ~r'hich the series approximation fs used is 

neaz the lower limit in the first i n t e g r a l  02 Eqe ( X X - I ) .  

Since the  value which is computed f o r  I,(X) is  extremely 

The IBN program computes I,(h) in 2 series approx- 

92b.e s e r i e s  approximation has been dropped from the 
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small in this q g i o n  (Less than 10"75)p no accuracy %s f o s %  

If zero is rot&ned t o  thhe main program as the  value o f  Xn(A). 

The resultfng approxillzation f o r  P,(h) f s t  

= ( I X - 2 )  

The second modification is t h e  fact " c h a t  I l ( h )  is n o t  the 

complete integrand, We des i re  t o  integrate the function: 
- I  

Therefore, i n  the subroutine the  exponential tern o f  Eq. (PX-2) 

the whole value of Eq. (9X-3) is retx.amed, as BS, t o  thhe 

main program, 12 XYZ is l e s s  thzn -150, EXP(XYZ) i s  approx- 

imately 10w70p therefore the value of I31 is re tumed 8 s  zeroc 

If XYZ i s  grea te r  than 474, EXl?(XXZ) is l a r g e r  than and 

an e r r o r  i n d i c a t o r  is s e t  causing the main program t o  p r i n t  

o u t  thfs fact, 

PR0GRA.X B calculates  cl2sec-tl.y t h e  ou.tput chrona-bgra,m 

for an Impulse injection ( o f  sample s i z e  equal t o  1.0) a t  

a s p e c i f i c  N t o g  and mRoe 

the same m&nner as t h e  BTSI subroutine a i d  i s  subject  t o  t h e  

The program operates exactly in 

same rnodlfications, The output o f  this program is 8 l%st 

of e ' s ,  from the i n i t l a 1  t o  the final value,  with 

responding mole fraction value ( Y )  o f  t he  impulse 

where Y i s  defined by Eq. (111-5) with t he  sainple 

the cor- 

chromatogram, 

s i ze  term 

s e t  equal,to 1.0, 
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PBOCr.RM4 C is t he  counterpart o f  PROGRAM A for 

the eqtaf1lbrlu.m adsorption case Eq. (111-6). The main 

program, wELh a few minor changes is exac t ly  the  same as 

t h e  main program o f  PROG3A.M A,, The subroutine (RCH) i s  a 

strakghtfomrasd calculat ion of  the function t o  be integrated 

w i t h  a similar check on the bounds o f  the exponential tern 

( A )  as is found I n  t h e  BESL subroutine, Output o f  PROGRAM C 

is exactly t he  same as that o f  PROGXW A .  

None o f  the above programs are In the2r m o s t  

e f f i c i e n t  form. They a r e  mi-b tea  s p e c i f i c a l l y  t o  s o l v e  a 

c e r t a i n  s e t  o f  equations and a re  included only as a gufde 

t o  the results of P a r t  V, and a, reference t o  be used when 

the complete mathcmatical model is developed. 
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611 three  programs a r e  designed t o  operate on 

&ch data card (after the ffrst) any nmber of data sets,  

contains a l l  of 'the information necessary Lo cause a com- 

p l e t e  run o f  t h e  program. Each program trill cycle over 

the total number o f  data cards designated by the first 

card read. 

. Input f o r  PRQGWI A and PROGRLM 3 

Gard 1 

Card 2 0 3 9 . 0 .  
c o l  1-5 total number of data cards following (15) 

col 1-10 N (3'10.5) 
11-20 rngg (F10.5) 
21-30 start ing value o f  0 (F10,5) 
31-40 f9na3. value o f  Q (F10,5) 
41 -50 z-  dimensionless d2staance ( F4 0 . 5 ) 

Input f o r  PRQGRAN C 

Card 1 

Card 2,3,,.. 
c o l  1-5 ' t o t a l  number o f  data cards fo l lowing  (15) 

eo2 1-10 Pe (3'10.5) 
11-20 mR, (F90,5) 
21-30 slarttfng value of Q (F1'90,5) 
31-40 f i n a l  value of 8 (I?10e5) 
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A 

A& 

AMRO 

ANHLP 

ANZIOG 

B 

B.4 

BESI 

BI . 

DEL 

FISC 

FK 

. PN 

PRSTX 

G 

x 
IER 

I U X  

IN22 

= loner  limit o f  the i n t e g r a l  when used i n  main progmms 
= value o f  exponential t e r n  when used in subrou"cne RCK 

= integrand value found a t  the lower l i m i t  o f  the  i n t e g r a l  

= n% - ineasure o f  component v o l a t i l i t y  

= f l o a t i n g  point  value of  NEALF 

- t o t a l  number o f  column t r ans fe r  u n i t s  = %og 

= upper l i m i t  o f  the i n t e g r a l  

= dif Perence between i n t e g r a l  limits 

= subroutine nane used I n  the f irst  o r d e r  program 

= value 0% in-i;egrand returned Lo t h e  main program 

= tolerance factor used i n  Sizapson's r u l e  fntcgral 

= s i z e  o f  each internal incrementi 

= f ac to r  used Ztz the 2spp.to"cibc Bessel  €unction s e r i e s  

I= s e t  value determined by the order o f  the  Bessel  function 

= po in t  a t  whlch Integrand value i s  t o  be delerained 

zz dimenstonless tirne o f  t heo re t i ca l  peak occurance 

= D$ l o o p  counter 

= e r r o r  ind ica tor  i n  BESI: 0 = no e r ro r  
1 = order o f  Bessel function 

2 = Bessel function a rgment  

3 = XYZ has a value l e s s  than 

4 = X'IIZ has a value grea ter  

i s  l e s s  'chan zero 

l e s s  than zero 

-1  50 

t h m  474 

= maxlroum nmber o f  i n t e r v a l  halvings allowable f o r  
each i n t e g r a l  

= D/d l o o p  couvlter running over the t o t a l  number o f  
data cards read 

ITHETA = D$ l o o p  counter 



TZZ =: t o t a l  nuinber o f  8 increments inner D$ l o o p  operates 
over 

N 

NKA.LF 

NZZ 

23 

' PI 

RCK 

S 

SIX 

ss 

= las% increment p o i n t  a t  which integrand value i s  
$0 be determined 

= t o t a l  number of increncnts the i n t e g r a l  is divided 
into 

= number of Limes the i n t e g r a l  i n t e r v a l  i s  halved 

= t o t a l  number o f  data cards t o  be read 

= Pecleti number 

=1T 

zz subroutine nene used i n  the equ.2librium a d s o r p t i o n  
program. 

= value a f  the i n t e g r a l  found i n  the present approximation 

= value o f  the i n t e g r a l  found in the previous approximation 

z sumiztional variable Q contains t o t a l  value of all. 
integrals 

SUbX = value o f  I n t e g r a l  a t  var ious points  

TXRl = one term of the asymptotic BesseL fuac-tion s e r i e s ,  

THETA = 8, dimensionless time 

TRETAF z f i n a l  value of  8 at which the program s t o p s  

!I!P,TAT = i n l t i a l  value o f  0 a t  which the program starts 

TOL = tolerallce used In  various determinations 

x = midpoint of i n t e g r a l  limits when used 'In the main 

= qalue upon which subroutines a c t  when used in sub- 
program 

XK = counter m f n g  over all increments o f  the integral 

xx = multiplying fac to r  i n  asymptotic Bessel function s e r i e s  

XYZ 

Y 

= . .  argument of t he  exponential term 

= f i n a l  value i n  mole f r ac t ion  ( f o r  a szrnpIe s i z e  of I )  
o f  the impulse peak a t  the 8 i n  question 

2. = dimensionless distance down the  column 
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PROGFAM A 

1 

2 

3 
I 

4 'N '  9//) 

CALL BXSI(FilSTX,I ,BT,IER,ANTOG,Z) 
IF(TZR)21,14,24 
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SUBBROUTZNE BESI ( x ,,IT BI , IER,ANTOG z ) 
E E E O  
BI=I .O 
3: F ( N ) 1 5 9 2 , 1 

1 IF(X)16,4,4 
2 12'(X)16,3p4 
3 R3TUPLJ 
4 TOIcloOE-'3 

5 X F ( X- FLOAT ( IT 1 ) 6 6 , 7 
6 B k 0 . O  

IF(X-12, )6,6,5 

GO TO 17 
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14 

15 

16 
17 

18 
19 
20 

1 

2 
3 
4 

WE T3 ( 3 4 8 ) THETA S S S ,N 
FOPJUL!L'( 7 OX ,P5 2 E2Ge5 20X,E20 e 5 E '1 0 )  
c OB T'IITUE 


