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The concentra t ion dis t r ibut ion produced by diffusion is examined;  the differential  equation 
has  been soIved numer ica l ly  by compute r  to give working curves  that define the phys ico-  
chemica l  c h a r a c t e r i s t i c s .  An approximate  analytical  solution is also given. 

A new chromatograph ic  separa t ion  method has  been desc r ibed  [1-4], which involves ch roma to -  
t he rmography  without a c a r r i e r  gas; it d i f fers  f r o m  the same  p r o c e s s  opera ted  at low concentra t ions  [5] 
in that the moving t e m p e r a t u r e  dis tr ibut ion causes  the substance to reach  high concentrat ions,  and an 
additional flux appears ,  as in all ch romatograph ic  p r o c e s s e s  without c a r r i e r  gases ,  and as a resu l t  the 
s ta t ionary  concentra t ion band is d isplaced ahead of the cha r ac t e r i s t i c  t e m p e r a t u r e .  The theory  of the 
equi l ibr ium p r o c e s s  in the absence of broadening by diffusion has been d i scussed  [1, 3], and an at tempt  has 
been made also [2] to incorpora te  diffusion broadening.  See [4] on the advantages  of the new method and 
the scope for  analyt ical  use .  

Here  we examine  in detail  the ef fec ts  of diffusion, and p re sen t  poss ib le  ways of calculat ing those 
that enable one to examine the p r o c e s s  over  a wide range  in the p a r a m e t e r s  and provide a rough choice 
of the separa t ion  condit ions.  

The broadening is desc r ibed  mathemat ica l ly  by a s y s t e m  of two different ial  equations in par t ia l  
der iva t ives ,  which has  been given p rev ious ly  [2]. The s t eady-s t a t e  solution involves an o rd inary  Bernoull i  
d i f ferent ia l  equation of f i r s t  o r d e r  with nonlinear  coeff ic ients .  An analytical  solution has been der ived for  
this  [2] subject  to r a t h e r  crude assumpt ions  about the coeff icients ,  and this  de sc r ibe s  c o r r e c t l y  only a 
smal l  concentra t ion range near  the c h a r a c t e r i s t i c  t e m p e r a t u r e .  Here  we p r e sen t  a m o r e  detai led d e s c r i p -  
tion, and it is shown that a solution in quad ra tu re s  can be obtained without assumpt ions  about the coeff i -  
c ien ts .  However ,  the expres s ion  is too c u m b e r s o m e  and r e q u i r e s  a compute r  to der ive  the in tegra ls .  
Exact  solut ions have been obtained by numer ica l  integrat ion of the initial differential  equation by E u l e r ' s  
method.  The n e c e s s a r y  ca lcula t ions  a re  p r e sen t ed  here  for  p roces s ing  data for  individual bands produced 
by carbon dioxide. The comple te  analyt ical  solution has been s impl i f ied  for  use without r e s o r t  to computer ,  
subject  to minimal  a s sumpt ions .  The final express ion  can be applied by a single numer ica l  integration, 
which can be p e r f o r m e d  manual ly .  Calcula ted cu rves  a re  p resen ted  for  a wide range of the p a r a m e t e r s ,  
and these  a r e  close to the exact  compute r  cu rve s .  

The different ial  equation of [2] for  the s ta t ionary  concentra t ion distr ibution takes  the following f o r m  

in d imens ion less  coordina tes :  

~':~~ - f l  (x) ~vl -~- f~ (x)N~, (1) 
dx 

K2. 

:' e ~ ) " K2e ~ . 
fl (x) == ~~ i 1 1 - - ) ~ ' l x  ' f~ (x) = 1 - / f i x '  

(2) 

It follows f r o m  (1) and (2) that the p r o c e s s  is control led  by the two d imens ion less  quant i t ies  K 1 and 
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Fig .  1. Nl(x ) ( concen t ra t ion  c u r ve s )  for  K l = 0.1; so l id  l i n e s  K 2 
= 1, b r o k e n  l i n e s  K 2 = 10, d o t - d a s h  l ines  K 2 = 100. The 
poin ts  have been  ca l cu l a t ed  f r o m  (6) with K 2 = t, Xma x = t ;  1) 
e q u i l i b r i u m  cu rve  given by (3). 

Equation (I) has been solved numerically with a Minsk-32 computer; the error in N I was 0.0005. 
The initial conditions were provided by using the point x 0 corresponding to the maximum on the curve. As 
in ordinary chromatography, there are deviations from equilibrium away from the peak. The peak itself 
corresponds to zero derivative, and (1) and (2) shows that it lies on the curve 

.\~ ~-: i - - ( 1  - -  K l x )  e-' ,  (3)  

c o r r e s p o n d i n g  to the e q u i l i b r i u m  ease  e x a m i n e d  in detai l  in [1, 3]. In t eg ra t ion  of (1) g ives  N~(• but the 
processing may be facilitated by using a computer program for constructing the curves, which can be 
printed out. In passing we determine the integral I, which is proportional to the amount of material in- 
jected into the column: 

571, (' SFI,, 
~ - - - =  N :  (x)  e . :dx  ' I .  (4) G c~ 

We d e t e r m i n e  the va lues  of K 1 and K 2 to be used  f r o m  the fol lowing pos s ib l e  r a n g e s  for the p h y s i -  
ca l  p a r a m e t e r s :  c~ 0 = 1-10 e m / s e c ;  y = 1-20 d e g / e m ;  T x = 300-500~ Q = 1-5 k c a l / m o l e ;  D = 0 .01-0 .5  
c m 2 / s e e ;  the c a l c u l a t i o n s  were p e r f o r m e d  for  K 1 of 0.05, 0.1, 0.5, and K 2 of 1, 5. 10. t00, and 1000, these  
v a l u e s  c o v e r i n g  v i r t u a l l y  the whole pos s ib l e  r a n g e .  F i g u r e s  1 and 2 show c u r v e s  for  v a r i o u s  va lues  of KI, 

K 2, and x 0, 

It is clear that increase in D (reduction in K2) naturally distorts both branches of the output curve; 
if the concentration is less than 5%, one gets a symmetrical Gaussian peak near the characteristic point, 
which corresponds to ordinary low concentration chromatothermography [5]. If D is large, the curves 
become more symmetrical. If one reduces the amount q of substance injected, one gets symmetrical 
peaks for practically any values of the parameters, while the maxima themselves are not displaced from 
the characteristic temperature. 

If D ~ 0 (K 2 > 100), the c u r v e s  app rox ima te  to the e q u i l i b r i u m  one, as  (3) shows, with a c o m m o n  
enve lope  and a s teep  l ead ing  edge; the o r i g i n s  of the curve  a p p r o x i m a t e s  to the point  with the c h a r a c t e r -  
i s t ic  t e m p e r a t u r e .  C o n s i d e r a b l e  dev ia t ions  can  oc c u r  f r o m  ze ro  c o n c e n t r a t i o n  at x = 0 if D is l a rge ,  so 
the pos i t ion  of the c h a r a c t e r i s t i c  t e m p e r a t u r e  mus t  be  d e t e r m i n e d  by e xpe r i me n t ,  in which one r e d u c e s  
the c o n c e n t r a t i o n  unt i l  the re  is no shift  in the peak pos i t i on .  

At high t e m p e r a t u r e s ,  t he r e  e x i s t s  for  each D an a sympto t i c  cu rve  for  the v a r i o u s  c u r v e s  c o r r e -  
sponding  to d i f fe ren t  in i t i a l  cond i t i ons .  The curves corresponding to high concentrations run close together 
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Fig.  2. Nl(x ) (concentration curves)  for  K 1 = 0.5; solid l ines 
K 2 = 1, broken l ines K 2 = 5, d o t - d a s h  lines K 2 = 100,. 1) 
equil ibrium curve given by (3). 

near  zero, but s t r ic t ly  speaking they never  coincide by virtue of the uniqueness of the solution to (1). One 
could obtain the entire set of curves  for  Fig.  1 using the initial data for x = 0, but this would require  the 
concentrat ion at zero  to be specified very  accura te ly .  Therefore ,  we specified the initial data at the peak. 
Then if there is considerable broadening by diffusion, it is incor rec t  to determine, as was done in [3], the 
value of o- and hence Q f r o m  the envelope; it is however co r rec t  to do this f r o m  the equil ibrium curve of 
(3), which passes  through the peaks.  

The calculat ions show that var ia t ion of K 1 f rom 0.05 to 0.1 has little effect on the curve shape; in- 
c r ea se  in K 1 f r o m  0.1 to 0.5 reduces  the broadening of the leading edge appreciably.  The sharpening fac tors  
(the t empera tu re  distribution and the additional flux) reduce the broadening at the high concentrat ions in- 
volved in over loaded chromatothermography,  but they also produced skewness; the effects are less  p ro -  
nounced at low concentra t ions .  The accumulated computer  data provide an easy means of checking the cal i -  
brat ion of q with respec t  to x 2 [4] for  a wide range of conditions. Figure 3 shows curves  as I, which is p ro -  
port ional  to q; as  D increases  under fixed initial conditions ix0, Nl(x 0) and K1]the mater ia l  becomes  dis t r i -  
buted over  a ' l a r g e r  par t  of the sorbent, which occurs  because the curves  of the lower K 2 run at higher I. 
F igures  1-3 show that a l inear  cal ibrat ion fits well to the high-concentrat ion region actually used. The 
curve is not obliged to pass  through zero  at low concentrat ions,  since in that case the Gaussian peak should 
not be displaced appreciably on increasing the amount input. F igures  1 and 2 show that the leading edge 
becomes  very  steep for K 2 > 10, so one can use a null detector  for composit ion determination instead of an 
ord inary  detec tor .  Although the null detector  only r eco rds  the curve onset, and this is affected by diffusion, 
the cal ibrat ion curves  in fact remain  c losely  l inear  [4]. 

These graphs allow one to decide approximately the optimal pa rame te r s  as follows: oven length 
for  given conditions (q, % ~. w, D, e tc . )  and maximum input, provided that all the substance is in the oven. 
Then one can calculate the conditions that cor respond  to the production of specified concentrat ions ahead 
of the oven [1] and establish the maximum measurable  concentrat ion in the l inear  cal ibrat ion curve.  We 
consider  as an example the calculation sequence required  to find the maximum possible q. 

Consider  an oven with known tempera ture  gradient ~/and length l; p re l iminary  tes ts  with low con- 
cent ra t ions  indicate the origin cor responding  to the charac te r i s t i c  t empera tu re  T x. Given speeds (~0 
and w for the flow and oven enable us to use the tempera ture  cor rec t ion  [2] to calculate Fix, while a may 
be determined in several  ways: calculated if Q is known for  the system, or  else f rom published values, or  
again f r o m  exper iments  under isothermal  conditions, or  e l s e  f rom chromatographic  exper iments  using (3). 
The values for D for conditions close to those actually employed can often be found f rom the l i terature ,  so 
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F ig .  3. Re la t ion  of I to X2max: 1 ) K  2 = 1; 2) 5; 3) 10; 4) 100. Solid 
l i n e s  K l = 0.05, b r o k e n  l i n e s  K 1 = 0.1, d o t - d a s h  l i nes  K 1 

= 0 . 5 .  

one has  ava i lab le  all  the va lues  needed  to ca l cu la t e  K 1 and K 2, F r o m  F i g u r e s  1 and 2 one d e r i v e s  x m a  x 
by r e f e r e n c e  to the oven leng th  l ,  which def ines  the end of the cu rve  on the b a s i s  of the b roaden ing ,  and 
then one u se s  F ig .  3 and (4) to ca l cu l a t e  q.  

We use F i g s .  1-3 to c o n s i d e r  the de r iva t i on  of the effect  of 7, w, c~ 0, and D on the output cu rve  for  
p a r t i c u l a r  n u m e r i c a l  e x a m p l e s .  We use  the fol lowing n u m e r i c a l  v a l u e s  for  in i t ia l  p a r a m e t e r s :  q = 10 c m  3, 

T = 20 d e g / c m ,  c~ 0 = 1 c m / s e c ;  w = 0.2 c m / s e c ;  D = 0.2 cm2 / sec ;  Q = 8000 c a l / m o l e ,  T x = 400~ T r o o m  
= 3 0 0 ~ ,  S = 0.15 c m  2, and the c o r r e s p o n d i n g  a c c e s s o r y  quan t i t i e s  a re  then a = 0.5 c m - l ;  K 1 = RTx/Q = 0.1; 

K 2 = ~ 0 / D a  = 10; Fix = c~Tx/wTroom = 6.7; I = q a / F l x S  = 5; F ig .  3 g ives  Xma x = 1.82. The peak in the oven 
l i e s  at Cmax = XmaxAr = 3.64 cm f r o m  the c h a r a c t e r i s t i c  t e m p e r a t u r e .  

1. Effec ts  of T. We c o n s i d e r  how the t e m p e r a t u r e  g r ad i en t  af fects  the r e s u l t  when q and the o the r  
p a r a m e t e r s  a r e  cons tan t .  Let  the new va lue  of T be 2 d e g / c m ,  in which ease  a = 0.05 and K 2 = 100. while 
Fix is not dependent  on T and does not v a r y  for a given s y s t e m  with a cons tan t  speed r a t io  be tween  the flow 
and oven .  As q is fixed, while the working  cond i t ions  a re  va r ied ,  the new curve  c o r r e s p o n d i n g  to the p r e -  
v ious  amount  of m a t e r i a l  is d isp laced ,  and t he r e f o r e  the new value  of I given by (4) will be 0.5; then the 
peak  now l i e s  at Xma x = 0,75 and Cmax = 15 cm, so the cond i t ions  approach  i s o t h e r m a l  as the g rad ien t  is 
reduced ,  and the curve  s t r e t c h e s  out a long the oven, with the peak p a s s i n g  into a r eg ion  of l ower  t e m p e r -  
a t u r e s .  The s ame  conc lu s ions  could be drawn f r o m  a qua l i t a t ive  c o n s i d e r a t i o n .  The c a l c u l a t i o n s  a lso  
show that t h e r e  is not a l a r g e  d i s p l a c e m e n t  in the peak even  though T and a have been  r educed  by f ac to r s  
of 10, s ince  f ac to r s  that s h a r p e n  the band  have m o r e  effect  at low t e m p e r a t u r e s  than high c o n c e n t r a t i o n s .  

2. Effects  of w. Let  the new value  be w = 0.1 c m / s e c ,  while a 0 r e m a i n s  cons tan t ;  th is  a l t e r s  s 0 
/w and Fix , and thus T x should be a l te red ,  and a lso  the o r i g i n .  The new value  T~ may be found f r o m  the 
known p r e v i o u s  va lue  T~ f r o m  the t r a n s c e n d e n t a l  equat ion  

. . . . .  ; 7 -  - 

T h i s  equat ion  is so lved  n u m e r i c a l l y  for  the above va lues  for  the p a r a m e t e r s  to give T~ = 3 7 0  ~ and rl• 
= 12.3; the a c c e s s o r y  p a r a m e t e r s  b e c o m e  a = 0.585 c m  -1, K 1 = 0.093, K 2 = 8.5. and I = 3.18, and F ig .  3 
g ives  a p p r o x i m a t e l y  Xma x = 1.63 and ~max = 2.8 cm, so the d i s t r i b u t i o n  cu rve  as a whole is advanced  
a long the oven towards  lower  t e m p e r a t u r e s .  The shift  in the c h a r a c t e r i s t i c  t e m p e r a t u r e  can  be found 
f r o m  

A ~ I : = T ; - - T ;  -1,5 cm.  
V 

The d i s t ance  f r o m  the peak  to T x is reduced ,  and the c u r ve  in the l a y e r  b e c o m e s  n a r r o w e r ,  b e c a u s e  the 
adso rp t i on  is i nc r ea sed ,  and the band  for  the g iven  q t akes  up a s m a l l e r  pa r t  of the oven.  
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F i g .  4. C u r v e s  f o r  CO 2 in a i r  on MSM s i l i c a  gel ,  

K1 = 0.396; K 2 = 100. P o i n t s  f r o m  e x p e r i m e n t :  1) 
q = 0 .5  cm3; 2) 10; 3) 14 cm3; c u r v e s  by  c a l c u l a -  

t ion:  s o l i d  l i n e s  K 2 = 100, q = 10.1; b r o k e n  l i n e s  
K 2 = 50, q = 12.9 cm~; d o t - d a s h  l i n e s  K 2 = 300, 
q = 7.65 cm3; I e q u i l i b r i u m  c u r v e  g iven  b y  (3); 4) 
c u r v e  c a l c u l a t e d  f r o m  (6) for  q = 10. 

Howeve r ,  a l though the c u r v e  has  b e c o m e  n a r -  
r o w e r ,  the output  c u r v e  r e c o r d e d  by  the d e t e c t o r  
shou ld  b e c o m e  b r o a d e r ;  in fact ,  a s  w has  b e e n  ha lved ,  
the  d i s t a n c e  f r o m  the c h a r a c t e r i s t i c  c u r v e  to the p e a k  
is  r e d u c e d  by a f a c t o r  1.3 ' " = ( ~ m a x / ~ m a x  3 .64/2 .8) ,  
w h e r e a s  the  H e n r y  f a c t o r  i s  i n c r e a s e d  by  a f a c t o r  
1.84 ( F ~ / F ~  = 12 .3 /6 .7 ) .  

3. Ef fec t  of  c~ 0 and D. We e n v i s a g e  the c a s e  
of ~0 /w = 5 cons t an t ;  a s  o~ 0 and D a p p e a r  in the f o r m  
o~0/D, it  is  b e s t  to  c o n s i d e r  the e f f e c t s  of changing  
t h i s  r a t i o .  L e t  ~0 /D change  f r o m  5 to 0.5, which 
a f f e c t s  on ly  K2, which  b e c o m e s  1. F i g u r e  3 shows  
tha t  the  new v a l u e s  fo r  Xma x and ~max  f o r  the p r e -  
v i o u s  q will  be  1.42 and 2.84 c m  r e s p e c t i v e l y .  C o m -  
p a r i s o n  of the in i t i a l  and  f ina l  c u r v e s  in F i g .  1 shows  
that  the p e a k  p o s i t i o n  a p p r o a c h e s  the  c h a r a c t e r i s t i c  
poin t  a s  the e f f ec t ive  d i f fus ion  coe f f i c i en t  i n c r e a s e s  
o r  the f low s p e e d  i s  r educed ,  but  the c u r v e  c o r r e -  
spond ing  to K 2 = 1 t a k e s  up a much  l a r g e r  p a r t  of the 
oven,  and the l e a d i n g  edge  t e r m i n a t e s  at a l a r g e  d i s -  
t ance  f r o m  T x .  

T h i s  m o d e l  e n a b l e s  us  to so lve  the i n v e r s e  
p r o b l e m ,  n a m e l y  to use  e x p e r i m e n t a l  r e s u l t s  to f ind  
the  d i f fus ion  c o e f f i c i e n t .  Al though D and s 0 a p p e a r  
a s  a r a t i o  in (1), and t h e r e f o r e  the e f f e c t s  of the  
t h e r m a l  b r o a d e n i n g  to s o m e  ex ten t  a r e  b a l a n c e d  out, 
we have  to s t r e s s  that  the  r e s u l t i n g  va lue  fo r  D wil l  
be  an e f f ec t i ve  one in v i ew  of the  c o m p l e x i t y  of the 
ac tua l  t h e r m a l  and h y d r o d y n a m i c  p r o c e s s e s .  The 

a c t u a l  p r o c e s s  m a y  be  a f f ec t ed  by  the s o r b e n t  he a t i ng  r a t e ,  n o n u n i f o r m i t y  in the t e m p e r a t u r e  d i s t r i b u t i o n ,  
and  m i x i n g  in the flow, a l l  of which a p p e a r  i n e x p l i c i t l y  in the d e f e c t i v e  d i f fus ion  coe f f i c i en t ,  and which do 

Not a p p e a r  in o u r  m o d e l .  

We p e r f o r m e d  e x p e r i m e n t s  on a co lumn  f i l l e d  with MSM s i l i c a  gel ;  the  s u b s t a n c e  to be a n a l y z e d  
was  CO 2, with the  c a r r i e r  g a s  a i r ,  and the f low r a t e  v 0 = 9 . 5  cm'~/min,  with a co lumn  d i a m e t e r  of 0.45 cm,  

oven s p e e d  w = 4 c m / m i n ,  ~ = 1.8 d e g / c m ,  and T x = 350~ 

F i g u r e  4 shows  r e s u l t s  f r o m  s e v e r a l  r u n s  for  v a r i o u s  q in t e r m s  of the d i m e n s i o n l e s s  c o o r d i n a t e  
x; the d i s t a n c e s  on the c h a r t  have  been  c o n v e r t e d  to d i s t a n c e s  in the oven v i a  ~ = ~c W/Vc; the va lue  ( r=0.013 
c m  -1 was  found f r o m  the g r a p h  in t e r m s  of In  (1 - N 1 ) / ( 1 - ~ / r  x) a g a i n s t  r w h e r e  I~ 1 and r c o r r e s p o n d  to the  
p e a k  on the c u r v e .  The v a l u e  of r l x  was  8.4, with K i = 0.396.  To f ind  the K i f r o m  the c u r v e  c o r r e s p o n d -  
ing to q = 10 c m  3 we c h o s e  the  o p t i m a l  K 2 to p r o v i d e  the b e s t  f i t  of the c a l c u l a t e d  c u r v e  to the  e x p e r i m e n t a l  
p o i n t s .  F i g u r e  4 shows  c u r v e s  c o r r e s p o n d i n g  to s e v e r a l  K2; the  b e s t  c u r v e  hav ing  K 2 = 100 is  shown in 
s o l i d  l i n e .  The  r e s u l t  f o r  D, u s i n g  a m i x i n g  f a c t o r  of  0.75, was  1 c m 2 / s e c ,  which is  5-6 t i m e s  the  m o l e c -  
u l a r  d i f fus ion  coe f f i c i en t  g iven  in h a n d b o o k s .  H o w e v e r ,  the d i f f e r e n c e  a r i s e s  b e c a u s e  D inc ludes  add i t iona l  
b r o a d e n i n g  f a c t o r s .  The  s o l i d  l i n e s  w e r e  c a l c u l a t e d  fo r  K 2 = 100 f o r q  = 0.5 and 14 c m  3. The d e v i a t i o n s  
f r o m  e x p e r i m e n t  fo r  s m a l l  q i nd ica t e  tha t  our  m o d e l  is  only  an a p p r o x i m a t i o n  to the  ac tua l  p r o c e s s ,  a l -  
though on the whole it c o r r e c t l y  r e f l e c t s  in a q u a l i t a t i v e  f a s h i o n  the b a s i c  t r e n d s  in the  p r o c e s s .  

N u m e r i c a l  so lu t i on  of (1) r e q u i r e s  a c o m p u t e r ,  which is not a l w a y s  a v a i l a b l e ;  it i s  e a s i e r  to u s e  an 
a n a l y t i c a l  so lu t ion ,  and we have  p r e v i o u s l y  [2] d e r i v e d  such  a so lu t ion ,  but  wi th  f a i r l y  c r u d e  a s s u m p t i o n s :  
the  e x p o n e n t i a l  was  e x p a n d e d  a s  a s e r i e s  t a k i n g  only  two t e r m s ,  whi le  the K lx  t e r m  was  n e g l e c t e d  in the  
d e n o m i n a t o r  in (2). T h e s e  a s s u m p t i o n s  enab l e  us  to d e s c r i b e  c o r r e c t l y  the output  c u r v e  fo r  r a n g e  0 -0 .4nx ,  
i . e . ,  l ow  c o n c e n t r a t i o n s ,  w h e r e  the  d i s t i n c t i v e  f e a t u r e s  of c h r o m a t o t h e r m o g r a p h y  have  l i t t l e  e f f e c t .  H e r e  
we p r e s e n t  a r e v i s e d  a n a l y t i c a l  so lu t ion  f o r  a w i d e r  r a n g e  in X. 

We c o n v e r t  (1) v i a  the  s u b s t i t u t i o n  N1 = 1 / z  to a l i n e a r  h o m o g e n e o u s  equat ion ,  whose  so lu t ion  t a k e s  

the fo l lowing  g e n e r a l  f o r m  a f t e r  r e v e r s e  subs t i t u t i on :  
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N1 (x) = 

X 

exp[ ;fl(x) dx] 
Y0 

x .'c 

C - -  ; f~ (x)exp [ , !  fl (x) dx] 
Xo xo 

(5) 

m 

We see f r o m  (5) with x = x  0 that C = 1/Ni(x0), where Nl(x0) is the initial value of the concentration,  which 
we took f r o m  the peak on the curve  and which co r r e sponds  to (3). Equation (5) contains two in tegra ls  l a ck -  
ing explici t  express ions ,  w h i c h a r e v i r t u a l l y  imprac t icab le  to use without a compute r .  We can simplify this 
express ion  and opera te  with only one integral .  The f rac t ion  x / 0 - x ) c a n b e r e p l a c e d  approx imate ly  by 1 + x 
+ x 2 with l e s s  than 5% e r r o r  for  x <- 0.4; as the express ion  fi(x) in the denominator  contains Klx, and x does 
not exceed 0.5, we obtain sa t i s fac to ry  solution for x between 0 and 0.8, which co r r e sponds  to the actual 
working range in the technique.  If K 1 is l e s s  than 0.5, one can use a wider range in x. and these s impl i f i -  
cat ions then allow one to der ive  the integral  of fi(x). The exponential will have to be expanded as a s e r i e s  
to integrate  the express ion  in the denominator  of (5), which would involve cons iderable  loss  of accuracy .  
The final solution takes  the f o r m  

where 

X I (x) =: exp ~K:(~I (x, K1) ~,.! 
. . . .  (6) 

--/<~ j % (x~ K~ J d:  
v ,  

,jl(x, h~) .... x - e ' [ K ~ x : - i - K ~ ( ! - 2 / Q ) , ,  ' ~i /(I =i~i)], 

q~(X, ](-1)=: exp[.~ -K.z~:-l(.v. N:!::] 
1 -- K~x" 

Then to calculate  the curve shape f r o m  (6) r e q u i r e s  one to calculate  only a single integral  numer i -  
cal ly  using a compara t ive ly  s imple integrand; these calculat ions can be p e r f o r m e d  manual ly  by slide ru le .  
If one uses  a computer ,  the working t ime is v e r y  much reduced compared  with numer ica l  integrat ion of (1). 
F igures  1 and 4 show examples  of manual calculations,  and it is c l ea r  that analytical  solution via (6) (points 
on the curves)  d i f fe rs  l i t t le  f r o m  the exact computer  solution of (1), which is shown in Figs .  1 and 4 by the 
solid l ines .  

N O T A T I O N  

Ni, volume concentra t ion of test  substance in gas phase,  m.l/ml of sorbent;  r coordinate  inside oven 
reckoned f r o m  the point with the cha r ac t e r i s t i c  t empera tu re ,  cm; r coordinate  of char t  point, cm; v c, 
char t  speed, c m / s e c ;  l, length of oven, cm; x, d imens ion less  coordinate;  or, p a r a m e t e r  for t e m p e r a t u r e  d i s t r i -  
bution and p r o p e r t i e s  of test  substance, 1 /cm;  % t e m p e r a t u r e  gradient,  deg /cm;  T x, t e m p e r a t u r e  at c h a r a c -  
t e r i s t i c  point (cor responds  to oven speed peak at low concentra t ions)  ~ Q,heat of adsorption, c a l / m o l e ; g ,  
un iversa l  gas  constant,  ca l /deg ,  mole, a0, l inear  flow speed at outlet, c m / s e c ;  w, oven speed, c m / s e c ;  D, 
effect ive diffusion coefficient  r e f e r r e d  to outlet; f~(x), f2(x), functions in (2); K t, K2, d imens ion less  quantities; 
q amount injected, cm3; S, column c r o s s  section, cm3; Fix, Henry coefficient  at cha rac t e r i s t i c  t empera tu re ;  
I, in tegra l  in (4); C, cons tan tof  integrat ion in (5). 
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