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ABSTRACT 

1. 
1 

Gas chroma"tograp~ic colurnns icomposed of bundles of 

open,tubular columns (OTC) ~erelprepared and tested. For 

example, 'One bun11e cansisted of 5,OTC, each 440 ~llan~1 

0.0165 cm in diameter, and coated with a film of squalane • 
.r"'~t-~ } 

A c'oating process 'was developed to yield' colurnns tnat ~~ 0 r, ,;1 

l , . , -.., (/ ,/ 
gave coherent peaks. The mixing in the dea4 volumes of ,- .', $T 

the chromatography instrument c~ntributed to the coheré~c~,,,, .. _,,,~l 
ff.iJ .F 

Ofr the'peaks. V~ 
, 

A derivation was givrn of a general,equation relatin~ 

the second moment of the ~eak fram a bundie ta Ahe second 

moment of the peak fram the "mean" OTC and the variances 

of the length and diamet,er of the' ensemble of tubes in jthe 
1 

1 • . ~--.. . ..... __ .. .....-
b\~ndle. As an ~xamPle, the coeffirients of the ,equat,ion ... 

were es~imated for a specifie bundie of OTC. In this ' 
li • 

~xamp~e, r~appears that the increase of ~he HETP due ta 

the variabi1ities of length.and diameter 

.-
\ 

/ r 

is 

1 
t 

nat 

I, 

excessiv~. 
, , 

"" 
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'RESUME " 

Des colonnes de chromatographie gazeuse_composé~s de 

" groupes de colonne§' 'capillaires ouvertes ont été fabri~quéesJL . -

et étudiées. p~r exemple un groupe se compose dé cinq pol onnes 
1 

capillaires de 440-cm de long, 0.0165 cm de diamètre et 
, 

revêtues d'une couche mince de squalane. 

Le\l.mode de revêteJ1lent a été étudié afin que les colonnes 

don~ent'des pics cohérents. 
1 

\ 
Les mélanges qui se produisent danso,les volumes morts de 

1 • ' • i. " -

l'instrument 'de ?hromatographie contrib~è~t égal~ment ~ la 

dohérence des pics. 

Une équation mathématique a été établie entre'le second 
1- l'il 

moment du pic ? 'un groupe de colonhes';i et les variable~ 

suivants: second moment du pic moyen des colonnes, la variance 

de la longeur et la variance du diam~tre de l'ensemble des 

"tubes. 1 

-,. 
Les coefficients de l'équation ont été determinés pour1un 

'" des groupes de col,?nnes. . ?~ns cette :,,:ernple il apparai t que 

de +a_ha~teur éqUivalente A un plateaù théo~ique, . , ' 

~t de 'diamètre des tubes est 

l'acroissernent 
i 

due aux variations de longueur 

mOdéré'. 
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INTRODUCTION 

a) , T e use of Open Tubular Columns (OTC) in Gas Chroma

tography (GC) hàs had an increasing acc~ptance sirice they 

were introduced in 1956 by Golay(l~. They have a special 

advantage over packed columns, in the analysis of ,cornplex 

mixtures' and s~ration of isomers(2) , ~u~ have inherently 

sorne importa~t li~~'tations, one of w~icn ii the very small 
\ 0 

sample sizes tàey ca handle witho;~ an apreciable loss 
\ 

in their efficiency. ~is, in turn, pos~s a l."irni tation 

upon the choice of detec~, which is usually a Flame 
\ 

l' Ionization Detector (FID), ~ conventional ,Tbermal 
\ 

Conductivi tt Detectors (TCD) 'do not have the req';1ired 

sensitivity to respond a~eqbately to such small samples. 

Note that,· for sorne applications, a elatively lakge 

sample size is requir~4 (trace analysi , collection of 

compo.nents, coupling wi th auxi.liary techn' ques for 

componenT. identification). S~ngle OTC are ot practical 

for these applications. 
, 

One approach,to overcome this problem is th use of 

larger diameter OTC(3), as they still have highe~ 

efficiencies in comparison to packed columns, even tho gh 

their efficiency is smaller than that of OTC with smalle 
1 

, 
diameters. Besides, if rIO, are used, the larger sample 

l' 

capacity of these columns allows the detection of very 

i , 



~ --- - -

~, \, 

2 

\"" 
\ \: ' '\ ' 

smal~ , concent~at~s'.. ,~hiS' could be of special interest 

to a~r pollut~on st~d~es,(4) as determinations of concen-
'\, -'\ 

tra tions:" in the range ~. 01 ~ ,\ppm are of intereSt, both 

~n atmospheric and laboiatory hotoèhernical investigations. 
\ \ 

Again, OTC of 'Small, diametèx: hâve: not found much appf.ication 

in air pOllution' studies, as ~~ey c ~ot accept the S~Ple 
'izes needed for trace analysis >wi tho t serious over- \ 

'~ \ 

loading and ~oss of resolution. The use f larger diarnet~ 
,~ 

OTe in trace analysi,s 'is not widespteaCi,{ an thi~ again 
\, \ 

\ \ 

is due to t~eir sarnple capacity, ~hich is'natur l~y larger 
\, ., 

\ 

than that of O~C of smaller diarneter, but still no 
" 

adequate for many cases. 

A serious imp,rovement over the use of OTC with large 

di~eter would be the us1 of OTe of small diameter,' but 
\. 

i th a large increase in the acceptable sample size." One 

",!ay'of ple sizè in smaller diarneter 
, 

OTe is inc~easing he surface of retentive material 

within 
~ ~ , 

h ~ h'· ~ d "". t e colùmn,~ and t ~s loS/, usually one by. etc,ilong ------------,-, ' ' 

\ 
the inner column surface with a caustic solution, prior 

to depositing the retenti~e material.(5) The original 

méthod was :proposed b~ohnke and Saffert, who used an /: -, \ 

aqueous ,anmonia~rution to form a film of Si02 , and 

sorne modifications of these methods were proposed.(~) 

Wh,il~ t,~S~~Y prove iucceSSfUl t~ im,~rove I;he samJle' 

capac±ty of OTC, it ~is not the solut~on that we a e 

,~~.-,,////)( 

\ 

\ 
\ 1 
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looking for, as we would like to increase the sample 
1 

capacity by sorne orders of magnitud~, and chemical methods 

for treating t~e' glass ~urface cannot produce such l~rge -

improvements. 

The approach that was taken here was to use small 

diameter (i.e., high efficiency) OTC, in parallei. 

Provided this in practice be successfully done, 
~ . 

any number C could be used, and so the increase in 
1 

the capac~ty would have the limits of reasonabJlity, 

an epoch of high tec~~ology are no longer // 

limits. With this in mind, there would be no 
, 

oss of efficiency as compared-- te- si~gle' OTC of' the sarne 

diamter, the problem of s~p~~ size ~ould be overcome, 
1 

\'- . 
and this could be a powerful tool for\,air PO-llution . \ 

studies, as well as for complex separations (where OTC 
\ 1 .' \ 

are usually,ernployed) where it would be of interest to 

collect the separated components,. , 

'But \there are more problems connected to the use ,of 

single OT~ usually,\OTC of small diameter oper;te with 

a' SPlitting~ystem, by means of which only a fraction of 

the injected sample and of the carrier gas pass through 

the column. Unless the splitter is carefull~ ~onstructed, 
hydrodynamic perturbations may produce fractionation of 

the sample, i. e., the canposition of the vapor going 

through the column is nei t;he\r the same as thëj1t vented ' noJ 
'" 

o 

l' 

1 
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the same\ as that entering the splitter <,7) • 
1 • 

with the use 

of bundles of OTC, a splitting system will no longer 
1 • 

be neeessary, 'so this problem does not arise. Another 

~portant point wnen using OTC of small diameter, is that 

~he dead volumes should be kept as low as possible, because 

asynunetry and broadening of the peaks will deve'lop. 

Again, the use of bundles of OTC will allo~ the possible 
idead volumes to have a much less important role relat~ve 

to one ,OTC (o~ the same diameter as.eaeh one in the bundl~). 

At this 'point, the readér m~y be interested to on?te 

the remarks made by GOlay(l) (the ipventor of OTC) on 

the use of OTC in parallel: 

... "I· woJld not reeommend 
--capillaries (i.e., OTC) as a source of'sample separation 

for even mieroâ~alysis. There l believe we nee~ packe~ . 
/ \ 

columns of, large diameter, because if we used capillaries" 
1 

it would be quite a job ta put capillaries together in 

parallel which would be' like /each other" .•• 

The potential advantages of a kind of chromatographie 

column that is eomposed of a ~undle of p~rallel OTC'leq 

to the formulation of the following research problems: 

1. To m~ke bund1es of OTC. 

2. To determine the effect of the variability of OTC 
~ 

parame ter s on the performance of the bundle of OTC. 

.~ 

~ 

" 
:\, , 

\ 
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3 d • . . To prepare and emonstrate a praet~eally useful 

bundle of OTC. 

This thesis is a report of research on these probléms. 

b) This report is o'ganized in sueh a way that only the 

fundamental steps are inbegrated in the main text, while 

all the auxiliary researeh is reported in the Appendix. 

The basic theory of OTC must be known to understand the 

operation of OTC, and~is is the reason why it was 

ineluded in the texte The reader who is familiar with 

• this theory may go direetly~to Chapter 2. 

~ 
e) An extensive bibliographie search was done on the 

subject of OTC in parallel, and none was found. In a 

personal letter written to L'.S. Ettre*(8) , his'answer on 

the subjeet was: .. . 
" .•. l don~' t know any li tera ture which would 

deal wi th your subj eet ..• " 

We think this is a pew field in GC researchr. worth-
j 

while of further exploratiqn, as the potential ~dvantages 

of using OTC in parallel are certainly very large. 

*Dr. L.S. Ettre, presently at perkin Elmer Corporation, 

Norwalk, U.S.A., is weIl known by the important eontri-

butions that e made to the field of OTC, and is often 

6 

.' 
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d) AlI the equa~bons, figures and tables referred ta 

as (iA), where i is a nurnber, are the Appendix equatians, 

figures and tables. 

1 
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CHAPTE.R l 

THEORY OF OPEN TUBULAR COLUMNS 

1.1 Introduction 

Gas-Chromatography (GC) comprises. aIL chromatographie 
i 

methods in which the moving phase is gaseous. In this 

project, the stationary-phase is liquid, at the operating 

temperatures, and the appropriate term is then Gas Liguid 

Chromatography (GLC). 

For the injection of one absorbed component and one 

inert, the schematic diagram shown in Fig. l applies. 

GLC is linear and non-ideal, as the isotherm is considered 

to be linear and as longitudinal diffusion and departures 

from equ~libri~ take place. 

1.2 
1 • 

Basl.c Theory. 

There are two exSellent books that deal almost 
/ ' 

exelusivel~ with OTe, those by Ettre(2) and Kaiser(9) 

Only the parts that are directly related to this project 

----------------will be presented here. There are three main parts in 

which this study may be d~ided: flow, mass transfer 
/ 

and column parameters .. p related to i ts efficiency. 

Special attention is focused on eaeh one of.these in turn, 

as they are al.1 extensively usedduring this wotk. uA 

reader familiar with the theory of OTe may follow directly 

to Chapter 2. 
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a) Flow in axe 

T,he appropriate system of coordina'tes to der'ive the 

Equat,ion of Motion and the Continui ty Equ?t tian is cyl indri

cal coordinates. From the Navier-Stokes equations, the 

fOl~Fwing system results: 

The Continuity Equation is: 

pau'+ u!,e. = 
az az 0 

\ 

! 

:;, 
1 

Due to the fact th~t the gas is çompressible, a step 

(l) 

(2) 

( 3) 

, !) (7) 
approach to a sol~tion is taken • For the mean cross-

section velocity,. the solution is the well known Hagen-

Poiseuille equation: 1\ 
/ (4 ) 

-, 
'r-

'1 
Assuming ü to be a function of the length a19ng the cOIJLn 

(i .. e.; 0lf z),' we get: 

~ -----------
/ . 

1 

Il 

\ 

î , 
i 

1 
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z/L = 

, 

r,f F is the flow rate at the cross-section at the distance 
( 

Z from the en~rance, then: 

Z/L 0-

(P.P )2 _ (F /F)2 
1. 0 0 (6) 

This' solution gives a pressure gra~ient that iicreases 

along the column length, confirming that expansion is 

taking place. Another way of correcting to Hagen-

Poiseuille flow is based on the conversion of kinetic 

energy, which gives: 

\ -2 \ 

8~-üL 
P.-P = + m (pu ) . (7) 

1. 0 2 2' 
r c 

where m is an ~djl.\stable parameter, probably 2.2. (10) 

The first appr~aCh is used in mostlGe literature, 

be the one followed here. -and will 

For the.case~ whe~J the flow is measured at the out-

let pf the column (i.e., F ), corrections must be applied o 

to obtain the mean volumetrie flow rate (F). ~o correct-

ions are usually made, the firstaccounting for the paxtiai 
..., 1 

• 1 

pressure of water when using a bubble flowmeter, and the 

second accounting for the eipansion within the column. 

1: 

, 
" 
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No ternperature corrections have to be mad, if the column 

operates~t ambient temperature, but 'ln general, these 

correctio~s yield: 

F = F T (<tl-P) 
C 0 C w (8 ) 

Ta Pa 

l 
where P is the partial pressure of water at ambient 

w~ 

temperature Ta' and Pa is the ambient pressure. For the 

mean volumetrie flow rate, we have: 

(9) 

where j is the pressure,gradien, correction factor, given 

by: 

j (10~ --1 

From (9), i~ follows that: u = uoj 

One way Of, testing the uniformitr in the diameter from 

tube to tube, in a bundle of OTC, is by apPlting the sarne 

pressure differential to all the tubes and checking 1he , , . 
flow ,hrough [each tube. 'For this' qase, the following 

expression'w~s employed: (11) 

~p~ = (ll/Bo) Lü 
, 

1 
(11) 

. ~ 

1 

where B is the permeabi1ity\of ~he column, defiried by: 
0 

1 
1 

Il 

/ 

/ 
/ 
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B = r o c 

-8-

and ~ is given by: 

cp = (Pi/Po) 2 

2 
(P i/P 0) 

12 

/ 

( 12) 

( 13) 

cases where the flow rate is not actual~y 
1 

measur 'd, but caleulated from the retention time of an 

inert, the fol1owing expressions hold: 

and 

- 2-
F= rrr u 

e 

(14 ) 

( 15) 

As pointed out by Ettre, (11) the error involved is 

very smal1, "-using ·4he second method as cdlnpared te the 

aetual ~easurement of F and afteiward~ eorrecting to 
o 

get F. 

" / b) 'Mass Transfer in OTC 
1 

The' firs,\: order conserva'tien equation fer Ge (DeVau1t 

Equation) is: '(7) 
"'r 

'de + Ade + .Q2.g 
ai ay av = 0 ( 16) , 



/ 

.' 
, 
, 

(:} 

, . 
~. 

13 

c - concentratioh of ~olute (vapor) in 9as-phase 

(gmole/cm 3) 
"-

g - concentration of solute in liquid-phase (gmo]e/g) . , ' : 

D - mass of stationary-phase per unit length (g/cm) 

A - volume of gas-phase per unit 

V - retentiqn volume (cm3 ) 

len9th (cm3 /cm) 

~" For a linear isotherm and a linear impÙls~put, the 
1 

solution is: 

v = z (A+D8') / (17 ) 

where 8'=q/c is the partition coefficient, related to a by: 

a = 8'p s (18) 

Putting z=L, we ~ave V=V~ (corrected retention volume), 

LA=V~ (gas hold-up),. DL=Ws (weight of stationary phase). 

Thus: 

(19) 

- The capacity ratio is defined as the mass of solute 

in ~he stationary phase divided by the mass of solute in 

the gas phase. As: 

( 20) 

\ 
it.-toll:ows 

yK=8 (21) 

which is an important relation when cornpar'ing geometrica11y 
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1 

C. 

\ 

~r 
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. \ 

different columns that operate with the same 

same 

the 
1 

From 

solute. The corrected 

retention time by: 

Vo = t F r r 

here, we have: 

t = t (l+K) r m 

rete~~ion volume 

14 

of 

phases and 

is related to 

(22) 

(23) 

This relation between the retention times of the absorbed 

component and the inert will be extens'ively employed. 

The shape of the Ge peaks is affe,cted by many factors, 

but the simplified Gaussian shape may be derivJd from mass 

transfer considerations. Fick's first law of dif,fusion 

states that the quantity of mate~ial diffusing Jer unit 
) \ 

'v time and unit area in the direction 'of diffusion is \ 

p~oportional to the concentration gradi~nt, i.e.f:<lS) , .. • 

aN _ _~ 
at - at < 24) . \ 

where N is in (mole/ar~a) and c is in (mole/volume). 

D is the diffusion coefficient. . . 
F~ck's second law, which is a conservat~on law, is: 

\ 

( 25) 

\ 
A particular solution to this equation is: 

---, 

1 
1 

1 

\ 

1 

- 1 
_'.1 
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W' .. 

\\ 

c = 
2 

M exp ( ~) 
t .4Dt 

15 

(26)"-

where M is a cohstant. Conside~ing m* ta be the total 
\ \ 

rnass of rnaterial diffus~g, we have: 
.... 

m* -' 
M = '(27), 

2\fiD 

and sa: 
m* 2 -z 

c = exp (4Dt) 
2V~Dt\ 

(28)'-

which is the equation for a Gaussian curve, with·: 

(29) 

where s is the standard deviation and Wh is the peak width 

at half height. 

c) Column Efficiency and Related Parameters. _ 

The n~her of theoreticâl plates (n)" is the 

usual parame ter that expresses· the efficiency of one 
- 1 

'" 
colurnn, and is given by: 

n = 

~ \-
This expression is only 

( 
valid for K large, i. e., "for 

t- »t. For the early peaks, 
r m \ 

1 

the modified expression 

>, 

(30) 

~s: 
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\ ' K 
no == 5.54 (K+l) ( 31) 

The Height Equivalent te one Theoretièal p'~ate is, by 

def ini tion : 

HETP = L (32) -n 

Go1ayCl) develepe~ an expression fô~ the HETP, con~idering 
, 

the independent effects of longitudinal diffusion in the 

gas-phase, 'and ~f non-instantaneous equilibJ;'ium in both 

phases. It is as follows: 

-
HETP = ~ + 1+6K+llK2 

u 24~ (l+K) 2 
r

2 
- K3 r~ Ü ~ u + _____ ~ 

Dg 6(l+K)~ 820 
R, 

(33L 

where Dg and Dn are the diffusivities in the gas-phase and 
N \ ' 1 

\stationary phase, respectively, and the othe~ variables 

h~ve the previous meaning. T~is expression neglects the 
1 

resistance at the interface betw~en Ehases,(12) which is 

uSUa'llY n~gli~ible. Briefly, Equation (33) is ~sual1y 
writen as: 

HETP Ci ! + (Cg+çR,)ü 
u 

(34) 

where ~g and Ct' are the résistances to mass trànsfer in 
t: ' 

both phases" and' B is the term that accounts for tne 

longitudinal diffusion in the gas phase. 
• 1 

Il 
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, \ 

which wil provide ~he maximum number of théorètical 

plates, f~~ a fixed column length. This is given by: 

! 

( 35,) 

In practice 1 n is never achiev'ed _ For a·, long OTC max 

the value of the optimum linear gas velocity, for which 
l , 

HETP has the minimum valu~, is very small to be weIl 

controlled and to give reasonable analysis times_ For 

a short column, this value is\ too pigh, and implies large 
;-, \~ 

pressure differentials along/the ë~iumn~, with the 
l 

assoc~afed problems of leak-proof pressure connections. 

Usually;, long columns are us'ed, and so work is done 

above the optimum value for u, at a velocity close to the 

optimum practical gas velocity (Op~Vr, for whLêh the 

l~n9' i tudinal diffusion term ,in the gas-phase, ,i. e. , . the 

term 

with 

B on Golay ~uation, be/cornes very 'srnall 

C ~n~ Ct- In this case/-
9 r; 

" /, 
'.' "-/ 

HETP ... CC +CII)U g -;1(, 

in comparison 

(36 ) 

1 

There are three parameters of special importance when 

dealing with the efficiency of OTC. ~ese are 'the column 

diameter, the film thickness and thè sarnple size. 
, \. 

! 
/ 
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C;l Influence of the Column- Diameter on the Perfor-
\ 1 

mance o~ OTC 
1 

Wh,n worki~g 
so columns of the 

" 2 
at OPGV, HETP is proportional tO'r , and c 

smaller diameter should be preferred. 

For i::.hel cases whe~-e the 'resistance in ~e liqu,id-phase 

,may be heglected, i.e., Cn=O, then HEPT .c is proportional 
1 N m~n 

to r ~nd again colùmns of the smaller diameter are . c 

prefer~ed. The practical lirnits of reducing the diarneter 
, 

( 

of OTCoseems ta be connected to two problems. The Iirst is 

the pe~eability of the column (Equation. 12), which decreases 
, . 
w~th the square of the diameter. Pressure differentials 

would then have to be too high to overcorne the resistance ,. 
in a very srnall diameter column. The second reason, and 

pr~bablY the lirniting reason :when using single OTC, ~is tt 

d~crease in the surface a~ea of retentive material with 
C - " 

a decrease in the diameter, and thus a decrease in the 

sample size. Both these problems rnay be overcome by using 

a bundle of OTC, as the flow resistance may be compared 

to an electrical resistance in parallel, and as the 

incrèase in the nurnber of ctrc may weIl surpass the effect -

of the decrease in the film thickness in the individual 

columns. 

C.2 Influence of the Film Thickness (df > on the 

Column Performance l 
~ 

, J { 

~----,I IJ 
l 

" / 

ï 
1 
j 
.<l 
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If 'we assume the retentive rnaterial ta form a uniforrn 

-------------- - ~ - film, deposited over al! the colurnn length, with a, constant 

thickness df' it follows that: 

(37) 

For a given system of solute, stationary and gas-
1 

phases, and at a certain column temperature, 6 is constant. 

Sa, for a given column (i .e., rc fixed), a decrease in df 

will decrease K, and this in turn will decrease the 

resistance to mass transfe'r in the liquid phase, wi th a 

consequent reduction" in the analysis' tirne. Because of 

the reductio'h of sarnple size wj th a reèluctiOn in df,' 
, 

usually a range of .dris used, between 0.6-1.5 IJ, whi1e d f 

greater than 2.5 J..I are unstab1e. (2) Again, we see that 

using ù bundle of OTe would be advantageous, as a' very , 
l', 

" thin film. could be formed, with its inherent adv~ntages, 

and the nurnber of OTe ~OlJld be the variable to be' controlled 
). 

. 
in order to solve the s~ple size problem. ' 

The coating technique has a definite influence on the 

film thickness. At present, there are two coating 

techniques avai~able, th,e s1!at.ic rnethod and the dynamic 

method. • In the first, the col.umn i8 filled with the 

solution of 1 Jhe ~ta tiona~y phase, usually in ,an organic 

solvent, ana then it i5 s10wly fed into an oven, at a 

.. 

i! 
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1 

~ constant rate, for controlled evaporation of the solvent. 

This method was first introduced by Golay, and has the 

remarkable advantage of pennitting an easy determination of 
l' '\ 

the mean value of d
f

, knowing the concentration of coating 

solution and the dimensions of the column, by using: 1 

V 100-c 
y= -SI. = s 

1 Vs Cs 

(38 ) 

where c is the volumetrie percent concentration of coating s 

solution. With we get d f . With 

this m7thod, d
f 

increases with increasing diameter (the 

other variables being cons nt), and in practical columns 

the concentrations used are less than 2 per cent. (1) 

In the dynamic coating method, the column is filled 

with solution, normally one order of· magnitud;e more concen-
/' 

trated than in the static method, and then the hulk of 

the solution is displaced by forcing an inert gas th~ough 
Q 

the _column at a con,stailt speed'. In order to overcome 

expansion effects the flow rate of the gas must bSil v<;lried. 

In contrast wi th the static method, df incre?-ses wi th a 

decrease in d , keeping the concentration of coating c 

solution and the linear velocities constant. (2) The deter-

mination of df is no longer simple. It requires weighing 

~he column prior to 'coating and after poating, determining 

the amount of coating in the column, or Icollecting 

the leftover li-quid-phase 'solution and comparing this 
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volume with the initial volume, the difference being the 

volume of coating solu~ion inside the column (assuming no 

solvent evaporation). These methods are not very rigorous 

(specially: the first one), due to the difference in 

magni tude of the compared terms. A better way would be '-.. 

to use two methods, for cross-checking. 

A variation of the dynamic method is referred to as 

the coating p1ug method, (13) and sorne empiri~al equations 

exist fo.r the necessary volume of coating solution. This 

method was not used, due to the èxtremely small volumes 

of solution that wou1d have to be used. 

C.3 Influence of the Sample Capacityon the Colum'n 
q, 

Performance 
1 

OVerloading o'f OTC, i. e., injection of samp1es larger 
,l 

than 'a certain threshold value, will decrease the efficiency 

of the cOlumns, and the .peaks will become broader 'and 

asymmetric. (2,9) There are three ways of considering 

this tl1reshold value. One is the concept of ,maximum 

pe~issible sample size" (14) as th,e maximum amount that 

can be injected into a co1umn witl;lout more than 10% loss 

of efficiency: 

( 39) 
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where V
k 

is the v~lume of vaporized saJple exclusive of 

carrier gas, Veff is the effective volume of one theoretical 

plate, and ak is a.parameter~ Actually, qS discussed by 

Ettre, (3) a k cannot be~assigned a fixed value, in agreement • \i th the conclusions of Klinkenberg. (15) The limi ting value 
(!) " 

of a k is calcul~ ted, when not available, for the maximum 

number of theoretical plates, ànd 
" 

V V V 
Veff = ...:l + a-.:! = J (k+l) . (40) n n n 

So, V k may be calculated by: 

Vk 
2 = ,ak nLr c (k+l) (41) \ --vn 

Anôther'way is to think that the amount of material that 

can be injected is limited by the volume of one theoretical 

pla te, i. e., to V eff' 

The third way is to calculate the mass of sample by: (9) 
1 

B* = 0.05 Md~ (K+l)lO-6 (42 ) 

where dc is in mm 

and B- is in grams. 

; 
and M is the solute molecular weight 

," 

From thls, knowing the operating 

conditions of temperatu~e and' pressure, the volÙlne of 

__ vapor may be calculated. As ak cannot be a~signed a 

constant value" even for each particular system, the last 
\ , 

method was 'the one used. 

..; 
1 

/ 
1 



; 

N 

~ 
l"~ 

" . 
1 • t 
9, 
",' 

:;, 
t· 
t , 
P J< 
't' 
E 
1", 

r 
h!. ;1' 

il l , 

: l 
I~ 
t 

!\' 

r-
T 
i ,1; 

() 

.' 
i 

'1 

-~~--.., 

23 

Overloading of the column'results in non-linearity 

in/ the peak height, whlle overloading of the detector 
/ 

results in non-linearity of the peak ar~a. It is most 
;$ 

1 

advisable to work in the linear regions of both column and 

detecto~, as asymmetry and broadening will develop as a 
1) 
h ' • 

consequence of overloadlng. 
, \ 

.' 

l , 

ij 

.1 
~ 
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CHAPTER 2 

[ , -- > 

DESCRIPTION OF EXPERIMENTAL ÀPPARATUS~AND ITS MODIFICATION 

2.1 Introduction 

Fig. 2 ,shows the most basic parts of any GC system. 

Sometimes, a collector is used after the detector, ' 

but in the case of OTC (at least of small diameter), 

this is not do ne , due to their small sample capacity. 

2.2 ~odifillation of the GC System 

Originally, the unit was provided with a TCD, 

'coupled ,ta a bridge circuit anÎ amplifier. Because of 

the smal,l sample capacity of dTC, a more sensitive 

deteètor was needed, and the TCD' was substituted by a 

FID. This FID was a du~l flarne type, and required a source 

of compressed air and a sourçe of cOfPressed hydrogen. 

The recorder had a maximum chart speed of 4 inch per 
. .. -

[minute. The injections were done by standard Hamilton 

syr-inges, gas-ti~ht, provided wit~ a Chaney Adapter (in 

order to deliver pre-defermined-qua~tities of the gaseous 

sample, with little error). Various bubble-flowmeters 
< ' 

w~relused,'their cross-section depending;n the mag~itude 
of the ~lows to be measured. In/addition to the flow 

control valves (FCV) of the base oven module, two other 

1· 

/ 
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'Gas Chromatography System (General) 
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FCV were used, in order to provide the right flows of 

carrier gas reaching the detector. This particular FID 
, 

works with a minimum flow rate of carrier gas of about 

40 ml/min, which is impossible to achieve with small 

diameter OTC, at reasonable inlet pressures, and "50, a 

make-up line had to be added to the system. This detector 
1 

is of the dual flarne type, which implies that'a comparative 

column is necessary. Instead of using a second column and 

working with the FCV provided on the base oven module, a 
/ 

direct connectipn of the carrier gas cylinder to the FID 

was employed, with one of the other FCV. This arrangement 

proved simpler\than a parallel column, as OTC are very 

f,ragile, and it is safer to use them as the lower column 

(position in the oven), so they ca~ rest on the bottom of 

the oven, avoiding unnecessary tensions. If a parallel 

column had been used, it would have had to be removed 

every time that the experimental column was removed. This 

would have been troublesome and would have risked the 
" 

\breakage of the! experimental' cOlumn., 

~ Due to the' presence\ of the make-up line, whe_n i t was '0 

connected ta the column exit, measurements of flow rates 
-

thfough tpe column had ta be made using the r~tention 

times for the inert component. As mentioned before, the 

, \ 

• " 

, \ 
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1 

error involved is very small. Wh&n the make-up line was 
". 

not connected, the bubble flowmeters could be used. Fig. 3 

is a schernatic flow diagram, and Fig. 4 shows the general 

setup used. 

a) principle of the Dual Flame Ionization Detector 

The flames in a FlD, produced by the combustion of 

H2 in air, contain an ~ppreciable'concentration of free 

electrons, resulting from ionization, and this gives ttlero 

an electrical conductivity, which for the case of a2 

flames is very srnall. But when organic vapors are present, 

this conductivity increases, and this increùse is a signal , 

to the electrometer, which converts it into an appropriate 

signal to the recorder. (16,17) The mechanism of ion 

formation is not very weIl understood, (7) as the temperature 
\ ' 

of the f1arne is not sufficient to produce the observed 

nurnber of ions by equilibrium processes. An explanation 

pased upon ionization from heated particles (e.g., of 

carbon), (18) iS\ not adequate. (19) The most probable 

explanations are of two types. (20,21,22) Cnerni-ionization 
1 

reactions may take place, and pairs of ~pecie~ react 

together in the flarn~~ one (at least) Of\ the reaction 

products be~ng an io'n. These ions are unstab1~, and 

degrade their excess erl~rgy by collisions. If. this / 

degradation i5 sufficiently slow, their concentration 

J 
\ 
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FIGURE 4 

Gas Chrom~tography System 

l~ Oven Base Module 
.P 

/ 
2. Flame Ioni zation Detector ' 

3. 

4. 

Oven Temperature Pro9ramer-Contro~lèr 

Electromete) 

5. Chart Recorder 

FIGURE 5 

Plarne Ionization Detector 

1. Flow Coritrol Valves for H2 

2. Flow Control Valves for Air 

3. Connections ta Electrometer 

4. On-Off Valves for HZ 
,/ • 

5. F lame SJtacks 

6.' Hydrogen . Line 

7 -- . Air Line 

8. Oven Cabinet 
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cr 1 

in the flame will be high. cO Another possibility is that 
1 

electrons created by sorne primary pr9cess, possessing 

energy weIl above their equilibrium values, cause further 

ionizatioh upon colliding with neutral rnolecules. In the 
• 1 

, 
FID used in this praject, the conductivity af the flames 

is measured between one electrode arid the metal j,ets. 

These detectors are mass-flow sensitive, apd the responses 

'c ~re measured in terIT'S of the c'Urrent given for a certain ~' 

m:;~~~of vapor, e.g., coulombs per gram. TheY"are~ ~r 
linear ove~?e range of mass-flow rates, and a 6âmilibn . 
r~ng~ is from about lO-14g/ s ~o 10-7g/ s (of organic material) , 

but\!the lineari ty over such a large range l!Iust be suspect. (7

c

) 

Fig. 5 shows the FID used in this praject. 

b) 1 Importance of the Dead Volumes / 

When using~OTC, the connections of the column to bath 
/ 

injection port and detectar·, must be kept as small as 

possible, in arder to avoid spreading and a~ymmetry o~ 

the peaks. (2,9) This is weIl illustrated by comparing, 

the peaks given in Figs. 6-8-10, aIl obtained with ~e 

same chart speed of 1" /min, and wi th the same amount of 

gaseous solut~, in this case propylene. The column was 

not ~oated, and so these peaks are representative of the 

air peaks. The length of the column was ~ 700 cm and the " . , , 
• 
l 
1 

i 
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inside diameter was 0.22 mm. The press~re differential acros~ 
1 

the column was 40 psi and. the flow through the column was 9 

ml/min, measured at the outlet. The operating temperature 
-

was 293 0 K and approximately l~l propylene'was injected in 

each case. Figure 6 shows the original peak, i.e., the 

peak 

half 

obtained ~ original 

height ~ ~ 30 s~ 

The width at 

The connection from column ta detector was modified, 

and Fig. 7 shows a diagram of the new connection. Figure 8 

shows the peak obtained, which i~ very sirnilar to the 

previous one, again with Wh ~ 30 s, but the tailing was 

reduced. 

The next step was the modification of the injection 

port. An ,examination of the injection port showed that a 

large dead volume existed, creating the possibility of 

l . 1. b h l t d h . s ow m~x~ng etween t e gaseous 50 u e an t e carr~er 

gas, prior to enterinç the column. Figure 9 shows the 

adapted design for the injection Port, and Figure 10 fhows 

a typical peak obtained with this new system. 

""'''T"he -basic difference between the two designs is trie 

rel~tive position of the carrier gas and the solute. In 
\ 

the original design, the carrier gas enters upstream of 

the solute (an extremely large needle should be necessary 

in order to avoid this), while in the new design it enters 

downstream (wi th conventional needles). J:esides, the dead 

if 
1 
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FIGURE 6 

Detector Response fo~ Propylene, Using 

Single Uncoated OTC 
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Modified conneqtion Column-Detector, 
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Make-Up Line , 1 

FIGURE 8 

Detector Response for propylene, Using 
o 1 

Single Uncoated OTC 
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Modified Injection Port 
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Detecter Respense for Propylene, Using 

Sing~e Uncoated OTe 
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volume was also reduced substantially. The new injection 

port produced a peak which is 85% \narrower than the first , 

ones, but it still had considerable tailing. The total 

de~d volume presenb in a Ge system is the sum of the various 

volume contributions from the system. The modifications 

explained above contributed to the reducticn in the dead 

volumes of the connections of the column to the detector 

and tG the injection port and, to sorne extent, tg the 

reduction of the injection port dead volume. But the 

remaininJ dead volume of the injection port and the 

drtector dead volume, which is inherent to its construction, 

rnay well be a significant part of the total dead volume. 

This hy~othesis is invest~gated later in'this chapter. 

Another factor which may contribute to the spreading is 

the overload of the colurnn, and this sample size effect 

,is discussed below. 
, 

Figure 13,is a Photo~raph of the connection of the 

co1umn to the de,tector, showing the 1i~e for the make-up 1 

gas and Figure 14 is a photograph of the modified injection 

port. 

\ 

c)'~ 'I\nportanc'e of the Sample Size 

A 1 ~1 injection of propylene was the smallest 

direct injection that could be made. In order to inject 

a smaller amount through the column, a spli'tting sy~tem 

1 

/ 

\\ 
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. ' 

o 

, 
was designed, and its diagram i5 shown on Fig. -Il. 

Due to the large difference in diarneters between the 

Nylon tubing and the needle connected to the column, and 
-

due to the presence of the need1e valve, any practica1 

sP1itti~g ratio is achieved. A1though this splitter is 

j' not a warrant y against fractionation of the samp1e, it 

was sufficient for the· purpos~s of'this project, and 

produced a typica1 peak shown in Fig. 12, for an injection 

of propy1ene of 10 ~l and splitting ratio of 1:190, and 
c 

the sarne chart speed as before, i.e., I"/min. 

This peak represents an improvement of about 92% over 
'Mo 

) 

the first two peaks (Fig. 6-8) and of about 5U% over the 

peak shown in Fig. la. It can be seen that the tailing was 

also drarnatica11y reduced. Based on the ratio oe flows 
\ \ ' 

through the c01umn and through the vent, the splitting 

ratio was 1:190, which means that ~ O.OS,pl of propy1ene 
~ -8 

went through the co1umn. Using Equa~ion 42, B* = 2.24 x 10 g, . , 
..;. 

T and mean pressure of the co1umn (p= 2.36 atm). T~is c 

means that\ an inj,ectio~ ten times le.ss wou1d no,~ over1oad 
\ 

the column~ and would probably prod~ce"a nar~ower peak 
1 

with less tailing, but that would have reqùired working 

at the high sensitivity region of the'FID, with aIl the 
1 

stability and background noise prob1ems;\aSso~iat~d with it. 

Through F\ig. 6-8-10-12, we can see the importance of both 

de ad volumes and sample size on th~ obtaining of narrow 

, ! 

; 
~ 
\ 
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. \ 
peaks with single OTe, spec~ally of small d~arneter (2). 

Although the total dead volume is the sum of the 

dead volume contributions from th~ different components of 

the GC system, the' same is not'true for the total 

broadening. T.he broadening is usually expressed in 

terms of standard devi'ations, and the standard deviation 

produced by several independent factors will be less than 

the sum of the standard deviation produced by each factor. 

So, the factor that gives the largest individual broadening 
\ 

is the most important one. to~ the column tested, the mean 

velocity (as correc~ed for pressure drop) is 158 cm/s. As 

the column has no coating: 
'. -

1 
2 2 - / 

2D r u sL _ 
---L +. c where ,sL is the ---r;-- 24 D. -u 9 

standard deviation in distance units. The diffusivity of 

CH
4 

in helium at room temperatures may be estimated 

from ,Gilliland Equation, 'to be "'-0.6 cm·2/s. 

-2. . 
of order 10.· J':cnt. But ,for the peak shown 

2 
50, sL 

L 
in Fig. 12, 

assuming'~-it is Gauss:i.ân, sL is df o~der 10 .cm, which 

. 2- ' i g1ves'sL of order . From these results, we conc1ude 

is-

that th; end effedts have a great importance, adding the 

main contribution to peak spreading. 50, no reliable~ 

data may be .ta~en on peak spreading due to' columns 
(, -
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using this Ge system, be it from coated or uncoated 

~olumns (the end effects on peak broadening froID coa~ed 
,1 

co-lurons are .dfscussed in Chapter 4), Ind no ~alues of 

HETP or n ma~ then be calcula~ed froID the experimentally 

otbs~~ved values of wh" 
,1 
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FIGURE 13 

Partial View of Column-Detector Connections 

1. Column 

2', Make-Up Line 
" .. 

3, Comparative Column 

4. Connection Co1umn-Detector 
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FiGURE 14 

Injection Port 

1. orig~na1 Injection Port 
III 

2. He Line 

3. New ~~ection Port 
D 

4. aven Cabinet 
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

3.1 Preparation of the Colurnn 

a. Drawing -' The method used was introduc~d by 

Desty(23) and Kreyenbuhl(24), almost simultaneously. The 

ma terial used wls Pyrex tubing, d t = 6, 9 ~ and d. t = 
~' ex • 1 J.n " 

3.0 mm and, in principle, any diarneter smaller than this 

one could be obtained, just by adjusting the relative 

speeds of the two drawing mJtars. These mators, as weIl 

as the controllers and the furnaces are shawn in Fig. 15 ;---

Two parameters are of intarest when drawing OTC: t~e 

length and specially the inside diameter of the capillary . .. 
The length, may be easily controlled by drawing into a 

.. ..., ,lia'rger length than what is needed,' and th en breaking the -n -. " 'capillary to the appropriat.è length. But the diameter 

must be obtained at the drawing system, and a close control 
1 -

of the diarneter is necessary, for ~t will affect the 
.,. .. ~ 

thickness of the retentive fi~m in the column and the 

flow rate through the column. As pointed out by Kaiser, (9) 
1 -, ! 

if a pi~ch oceurs in an OTe, i twill be as if the diarneter 
1 

of th,e column were reduced to the diameter o:f the pinch, 

i. e., the flow rate will be controlled in large ~unt 

by the diameter of the pinc~. [In order to, establish the 

~, 
i, 1 
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t 
FIGURE 15 

~ \ 

System for OTC Preparation 

1. Capi~lary 

2. Pyrex Tubing 1\, i" 0 ~ D • 

3. Drawing Furnace 

4. Drawing Pre-Furnace 

5. Coi1ing Furnace 
. 

6. Coi1ing Motor 

7. Upper Drawing Mot~ 

8. Lower Drawing Motor 

9. Control1er for Lower Drawing Motor 

10. poten4iometer for Drawing Furnace 

Il. Contro11er for Upper Drawing Motor 

\ 12. Potentiometer for Pre-Furnace 

13. Potentiometer for Coiling Furnace 
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confidence limits of the drawing procedure, an experiment 
, 

on the stability of the motors was conducted, followed by 

an e~periment on the unifor.rnity of the diameter. 

Comparing Figure 16 with Figure 17, we see that the 

speed of the ~pper drawing motor is more,uni~orm than that 
c::::> 

of the lower motor. This is probably due to the dif-

ference in the speeqs of the motors. Sorne slip may have 

occurred between the revoluti~n counter and the shaft at 

the higher speed of the lower motor. 

To test the uniformity of the diarneter, a coil of 

capillary tubing several meters long was drawn. The 

initial part, for which the drawing conditions were not 

at steady state, was discarded. The r~rnainder of the coil 

of tubing was cut into ~ections 10 cm in 1ength and the 

diameters of the ends of each section were measured by 

means of a microsco~i. Fig~re 18 shows that diameters of 

the [or der of 120 ~ may be controlled to within ±2 per cent. 

" • 
b) Cleaning of the Colurnn Tubing 

C1eaning is necessary prior to coating. Usually, ~ 
l ' 

various organic solvents are used', e.g
l

:, methylene chloride, 

chloroform, acetone,---methanol, hexane, diethyl ether. 

Hol1is(25) recommends the following order of solvents: 

pentane, methy1ene ch1oride, acetone, d~ethy1 ether, a~d the 

. , 

/ 

/ 

1 
,1 
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FIGURE 16 

, 

Unifermity of Operation (Upper D~awing Meter) 

\ 

FIGURE 17 

unifo~itY of Operation (Lower Drawin9 Metor) 
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FIGURE 18 

'1 

Uniformity of OTC Diameter (Uncoated) 
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solv~t of the stationary phase. This was the method 

originally used in thlj project, but it is very time 

46 

consuming, and so a simpler method was tried, using acetone, 

diethyl ether and the solvent of the stati9nary-phase. 

The cleaning is important for two reasons: first,' because 

it is necessary to remove particles that are inside the 
> 

capillary and may cause its clogging and secondly, because 

this cleaning changes the wettability of the glass. As 
/ 

discussed by Ne~asova and Tesar{k,(26), the inter facial 

tensions of glass, stationary liquid and solvent affect 

the mode in which the film of the stationary phase is 

deposi ted on the columns. Table 1 shows the critical 

surface tensions of Pyrex glass subjected to different 

treatments. 

If a homogeneous coating of the glass capillary surface 
o 

is to be obtained, tHen the surface tension of the coating 

solution should be lower than the critical surface tension 

of the g~ass. The surface tension of squalanè is 29.5 ( 

dyne/cm, 26) and as only 'the solution phases, whose.surface , . 
lensions are lower than\ the cri tical surface tension of 

glass can forro an uniform film on the capillary wall, 

cleaning the tubes with organic solvents, e.g., acetone 

may not be 

tension of 

y ::: 

sufficient. As' an approximation, 
, 1 

a \mixture may be balc~la te~ by: 
l1). 

ylx + y 2'(l-x) ::: Y2 +(Yl-Y2) x 

\ 

the surface 

(43) 
. . 
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TABLE 1 

Critical Surface Tension of Pyrex Glass 

r_ \ 

1 



( 
TABLE 1* 

, 
was~ed with 

\ 
2B.O±'S (dyne/cm) " acetone -

C1eane'd with chromic H2S04 44. O±l. 0 

Etched with NaDH 32-34 

Carbonized (~ccording ta Grob) 41 

1 

I~ 

*From Necasova and Tesarlk(2~) 
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------where y' is the~urface tension of the mixture, 

are the surface \ensions of components~ and 2, i.e., of 
, .... 
the statidnary-phase ~nd its solvent, and x is the mass 

proportion of Qomponent 1 in component 2. 
~ 

For exarnple, a~comrnon concentration of a ~lution 

for the dynamic coating method is a 10 per cent by masse 
~~ 

For this solution, we have: 

x 

, , . 
= 23". 3 dyne/~ 

" 'k',i 
= 29.95' dyne!èm 

= 0.10 

50, Y = 23.97 dyne/~. 

cornfaring this value witn t~ose give~in Table l, 

we find that cleaning the glasf tubing with acetone is 
1 

sufficient when the cdating soluti~n is 10 per cènt 
... l , 

'- / 
squalane in)acetonel. The limiting concentration is seen 

/ 
to be around 70 per cent, using the additive expression 

lt 
I(Equa tion 43).-

1:;) 

Actually, for concentra'tions as low as 
r 
1 

20 per cent of 6qua~ane ,in acetone, uneven ~oatings were 

/ 

,," observed. Accumulations of squalane were distributed through 
• A 

. ...- , 

the cQlumns • The~ accumulations were large ~nough to be 
• 

seen wi thout a microsco~e, but not "large enough to fll~ the 
.. / t'" .' -

column at any point. No accumulations were observed.when 

t~ concentration of squa1ane was decreased to 15 perocent: 

HJwever, the absence of accumulations of squalane does not 
. , 

... 

) 

" \. .. 
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\: 
necessarily mean that a coation was uniforrn on a microscopie 

~cale. 

The method of etching the glass with NaOH was also 

tried, ;>ut i,t is lengthy and cumbersome, and the simpler 

method of cleaning the tubes with organic solvents wa~ 

used in this project. 

c) 'Elimination of Secondary Adsorption Effects 

(Condi tioning) 

The poor wettability of glass surfaces with or~nic 
~. 

-1~quids has been xecpgnized for many years as a key problem 
, 1 1, 

',in the preparation \ of highly ef.fi~ient arld stable glass 

ca~illary cOI~ns. \27} Somè exceptions are liquid-parafins, 
, 

e.g., squalane (2,6,IO,IS,19,23-hexamethyltetracosane), 
, II 

which spread on the high-ener~ glass surface, but even in 
, .-

this case, the active-sites of the glass may produce non-
~ 

uniformities, and this is usually overcome by using 
/ 

chlorosilanes or other compounds that will b~ock the lcti~e-
sites of the glass. A quaternary ammonium compound wàs 

used (tr~octadeCYlmethYlamm?nium bromide) as dis~ussed bY.~ 
Metcalfe and IMartin. (28) This cdnsiderably improves the 

perfo~ance.~c~ for many substances, ih~lUding 
, (~ 

hydrocarbons. This compound is available underc the nam~ 
\ 

of Gas-Quat-L, from Lachat Chemical 'Company LaboratQries. 
\ 

1 . 
In the rase of glass OTC, Metcalfe and~Martin suggest the 

l, 
\ , 
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precoating of tihe column with the quaternary solution, prior 

to coating ,with the stationary-phase. As acetone does not 

easily dissolve ~his quaternary compound, a solution of it 

in methylene chloride was ~s~, prior to coating the column 

. h hl' fi l' , . W1t t e so ut10n 0 squa ane 1n acetone. 

d) Coa ting of O'I[C 

As already rnentioned, squalane was th~ stationary 

phase used. This is a conventional Ge phase, widely 

available and used for many purp~~s. The solute was a .. 
gaseous hydrocarbon (n-heptane),_ so this stationary phase 

is appropriate. Both of the two coating techniques 
i \' -.-

discussed were useâ.~For Single) OTC only the static method~l) 

was used, because it provides an easy determination of the 

film, thickness, âs'~umi~g .that a, uniform film 'is forrned, 

and because the necessary equipment was aJ'ailab'le. The .. 
princip~l part of this equiprnent is the oven, whieh is 

shown on Fig. 19. I~ is important that air bubbles are 
-, 

not trapped in~ide the tubing,as flash vaporization will 
, 

1 

oceur, destroying the film. These bubbles were avoided 

t Î 

nby simply plugging th~ tube end with ~poxy resin, after the 

~oating sOlftion ~aS... in th\ cOlumn-;- _and W~ile sorne drops 

of the coating solutidh Were still eoming oùt from t~e tube. 
1 

The column was th en fed into the ~ven sh~wn in Figure 19. 

The,impartant variables to be controlled were the oven 
-' -;;\ ' " 
\ 1 
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o 
temperature, the-speed of feeding,'and the concentration of 

the coating solution. For thê~solvent acetone (normal 

boiling point of 5q.SoC) a temperature of 700 C and low 

speeds were used. 

T~e sta tic method was not satisfacto~y for bundles 

of OTC..-' (See Chapter 3 of the Appendix). The pinch roller 

could not be used with1the bundles of OTC, because it ~ 

would break ène or more of the tubes. For this reason, 
, 

bundles were fed into the oven by hand. The result~ng non-

uniform speep of feeding was probahly one of 

that the static coating techniqu~ produced 
\1 

with bundles. 1 

The~~1amic F~ating method is simpler and 

than the static method, as it involves only o?e motor 
"t 

conneqted to.a syringEi,; irhich in turn is connected to 
. , 

~ '! ~ , f 

column by~some appropriat~,tubing. The variables to b 

controll~~d ar,e the linear v,elocity of coating 
1 

its conce~tration. DJ~ to the unsatisfactory results 
'. f < 

, obtail;ned" wi th the static method this was the method u,.se 
, ' l, .. \ . 

f9r ~undles' of OTC. Figure 20 shows the schematic seque ee 
~'" '- 1 -, - \ 

t ~f ste' 

-in the 
1 

s involved in the preparatioQ of single 
\'-~ 

reparation o~ bundles af OTC, using in 

case the ynamic methOd. In'bath methods, the 

l ,,~-

OTC as '~e 1 
\ 

this lasf." 
\ 

coating 

'solution wa filtered prior t.a entering the column. 

After al these steps, the coluJns are not ready to 
, J 

as 

, 

L 
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F1GURE 19 

Coating Oven (Static coating) 

1. Oven 

2. Feeding Moter , 

3. Thermotneter 

4. Pinch RelIer 
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, ~IGURE 20 ( 

Step by Step Single OTe or Bundle 

Preparation (~chematic) 

\ 

\ \ 
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work, as they need to be furtheJconditioned to eva~orate 
the remaining of the solvent and any' other lOW-boil~ng 

1 

substances that rnay be present. ThIs was done by leaVing 

thern overnight in the Ge oven, with a slow flow of carrier 

gas, at 120oC. The maximum operating ternperature eco~ended 

for squalane is ~50oC, (29) as the vapor pressure of 
- 1 

sq~alane will become appreciable and the stationar~ phase 
1 

will blow off rapidly at higher temperatures. The lfinal 

c\nditioning process was monitored by the baseline Stability. 

When the baseline was stable, the column was ready fO~ 

operation. 

3.2 Connections 

a) Cbnnection of Single OTC to GC apparatus 

Single tubes were connected by means of Nylon tUb~ng 
between the extremities of the column and the injection 

line and detector line. op' Epoxy resin was used to boId the 

connections together, and Fig. 21 i5 a schematic diagrarn 

of the conneJtions. 
\\ 

b) Combination of Single Tubes to Forro a Bundle 
" In the preparation of bundle~of_OTC, care must be 

taken in order to fill the spaces between the tube with an 

appropriate material, e.g., epoxy resin. Otherwise leaks 

willoccur. After tbis is done (Fig. ~2), the\ connections 

y 

, , 



( 
\ 

.. r 

\ 

~--IL-

55 

\\ 

of the bundle to the pC system were made by means of 
, 

connections similar to those in Fig. 21. 

When[ more than ~ 5 columns are used in a pundle, it 

becomes difficult to put them in parallel, and 50 partial 

bund1es were made, and afterwards assembled into the 

final bundle. With this ~proach oy-the partial bundles, 

rnany long columns rnay be put in parallel, without the 

\danger of breaking. them. \ 

\ 

\ 

\ 

/ 

-/ 
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FIGURE 21 

Connection of OTC to Injection Port 

or to FID (Detailed) 

-\ \ 
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CHAPTER 4 

\ 
EXPERIMENTAL RESULTS IN COATED COLUMNS 

4.1 Introduction 

"'With coated OTd, for an approxirnate determination of 

the inert retention time, CH
4 

was used. Methane 

actually ~s slightly absorbed, and at the ternperatures 

used, i.e., ambient temperature, the partiti~n-coefficient , 

o f m~thane rnay inTroduce a def ini te error. But the cpl umns 

used were not long OTC, and so one 'ass\\Ption,is tha~ CH4 

is representative of an iner~ component. Three different ' 

methods for calculating the actual tare given in the 

App~ndix ~f R~f. (~). Propylene waSrnapa~doned in favor of 

n-heptane, to represent an absorbed~ co~p~nent, and thi) 

is because' of ~he very smali a 
of propylene. As discussed by 

val~è (pa~tition coefficient) 

Littlewood, (7) the partition 
i 

coefficients (~) of ehe Cl to C
4 

hrdrocarbons are ,very srnall, 
1 • 

so that a very long OTC JOUld be\needed~to separa te 

propylene fram rnethane. Usually, OTC coated with a solid 

support are u\ed for light htd~ocarbon analysis. The syste\ 

for sample preparation is shown in Fig. 23 together with a 
, II 

section of the splitting system. No attempts were made 

td use the' OTC at the optimum flow-rate, as this project 
, '. 

is not concerned in achieving the best performance from 

1 

I~ 
\ 

, \ 
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the OTC, but the operational variables for each column are 

listed in every experime\t. For comparative purposes, 

only the pressure differential was set constant, and this 

will be seen later, in Chapter 6. 

'4 . 2 eo\a ted Single OTC 
. 

As discpssed previously, when.using single OTC, the 

static coating rnethod was used. Here, the variables to 
\ 

be controlled are the concentration of coating solution, 
... 

the temperature OL the oven and the fe.eding sp~ed of the 

OTÇ into the oven. Aftèr sorne trials the temperature of 

\ 

the oven was set at 700 e for ~he~solvent acetone,~ànd low ~ 

feedlng ,speeds were used,' S~Ch,that,the feedi~g o~era~ion 
was c'arried overnight. The ,concentration of coat'ing 

sOlutlon was determined by the thickness{ of film desired, 

WhiCh
l
! was USUillY betweel,' O. 6-1. 5 ,~. , T"I' smaller the d f ' ~ 

(film\ thicJçness), the smaller, the contri~ution to the peak 

broadening there will,be, but this decreases the sample size. 
l ' 
, j. 

~~ thts method, the closure of one end pf the OTC is 

neces~ary" while the other, end ,enters the oven~ This was 
l , "-

aChièted by immersing one end of ,th,e OTC ',in):o ,a· ~r)i omall 

~u~ -~ill of epox,r resin, w~iIe so~e drops', of the coating 

SOlution were still cominq out froin: "f:hat end of th~ OTC,· 

after the moto~ that diites'the coating syringe was 

(,> 

i 
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FIGURE 23 

samp1e Preparation System 

1. Vent Line 

2. Needle valve 

3. CH4-Heptane System 

4. Syringes 

5. CH 4 Line 

6. Heptane or Heptane-Acetone System / 

7. Flowmeter Liné 



\. 

- 1 

, 
1 

( 

1 . 

FIG. 

; 

•• "'i 



(~. 

1 

60 

r 

trapped in the OTC, and so, no flash vapo,rization occurred. 
, r 

Assuming t1hat the volume of stationary phase, Vs' is 

depostted as a film of uniform thickness, the thickness, df , 

may be calculated using Equation 37: 

df = r V /2V - r V /2 (TIr 2L-V ) c s g c s c S 

l' 

Two columns of differen~ length and diameter were used • 

. Their chaJacteristics are given in Table 2, together with 

the results obtained for CH4 and n-~eptane injections. 

AlI calculations are based on formulas given\in Chapter 1. 

The HETP . may be calculated by: 
m~n 

METP. = 0.57 r (K small) 
m~n c 

(44) • 

HETP. = 1.9 r (K large) 
m~n c (45 ) 

The values ar~ taken directly from ~uation (35). 

is easily seen, w~ether using ·(44) or (45), that these 

columns are very far from operating at the optim~ 

conditions. IW~th a very smaîl film thickness as in case 

It 

B or A, the resistance to mass-transfer in the liqu!d-phase 

should be very small, and Equation (33) may bé approximated 

by:1 

,< 

! 
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TABLE 2 

Experimental ResultJ in Two coated Single OTe 

/ 

l' . / 

~ 
l ' 

" , 

" 
i 

~1 
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Table Z 

A B /-
<' 

2.63 
/ 

Pl (atIn) 3.72 

Po (atm) '" l ",--1 
î .. 

1 F (ml/min) 2.4 .0.12 

ü (cm/s) 105 26 1. 

\ , 

L{cm) '" 720 '" 230 

dc{IJ) 220 100 

Cs (%vol) 0.8 1 _ , 
0.4 

, di (u) , '" 0.4 '" 0.1 

tm (s) 6.84 9.00 

.. 
tr(s) 30.45 28.00 

-~ 

K 3.45 2.11 

3·7 
1 

'\Yh (s) • '" ,\ '" 15. 5 

~; 

l' 
( -~, 

J 
, 1 

\ 
' . 

Cl 
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with Dg ~ ~.26 cm2/s. \ 

Using t'his simplified equation t.o compute HETP, . th, 

value for coitunn A 'is' 0.018 cm and ~or column B is 0.,0.2.3;, cm, 
• • p-~ .... '~ .... ,~ .. 

which are about two orders o~ magnitude smaller than those 

calculated from the data of Table 2, by EqUation 

,peak spreading observed for uncoated columns and 
'l' 

~in Chapter 2;/ suggests, that mixing in the' dead volumes of 

the'inlet po~t and d~tector is the major dause for this 

difference. _ Microscopie non~uniformity in the coating 

could be another cause. ~ 
Figures 24 and 25 show the actual chromatograms 

obtained wi·th bath columns, with a chart. speed of 4"/min. 

, ' 
4.3 Coated OTC Bundles 

/ 

. Attempts were 

to produce bundles 

madé t~ usec_~§ sta tic coa ting ,technique 

of OTd that operate~satisfactorily, 
1 

i.'e., that prodùced single peaks for each comppnent. As 
1 ., 

may be seen in Chapter' 2 of the Appendlx, the bundles 

, -----produced single peaks for non~abs,ôrbed components, i.e., 

'the differences 

column were not 

in diameter (and length) from columiîVto 

SUfficie~~ t~P~Od~ individu~l peaks for 

1 ~/ . ' --

" 

/ 
/ 
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FIGURE 24 

1 

Detecter Respense for 'CH4 'and n-Hep~ane, 

on Single Coated OTC 

• 1 .. 
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" 

FIGURE 25 , 
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r 
Detector Response for -CH4 and n-Heptane, 

on Singie Coated OTC 
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individual column's. With ";'oated b~dleS. 
should be e*pected for CH4 , ,as it b~aves 

the sarne behaviour 

as a quasi-inert, 
, 

and this was indeed verified, even for 'the static co~ting 

tJchnique. But for the absorb~d n-heptane, a different. 

picture develops, and various peaks appear from different 
, 

columns; and this sUbject is treated in Chapter 3 of , 

the Appendix. 

Using the dynami~ ,coating method, care must:jbe taken 

on the linear speed of t~e c~ating sc;>lution,' and on :the 

concentration of this coating solution. Upon the firat 

problem, opinions seem divided, (2) as sorne experimenters 

use very srnall velocities (~ l cm/s), while others use 
1 

larger veloci'ties ',('" 10 cm/s). 'Due to the expansion of 
, " 

the gas (i/nert) that is pushed through the coJ.~ ~n order 

to remove the solvent, as the interfaie gas-liquid moves 

along the t'column, i t is obvious tha t the inlet pressure 

shp~ld var~ (if the outlet is constant), in order to 

obtain lan, approximately constant veloci ~y t~ou9h the whole 

process, i.-e., unt!.l the last drop of solution leaves the 
, " 

~. 

column. The effect of expansion-is very importnat, as 
. " 
i,t may produce a non-uniform film thickness, and t,his is 

, 
'especiaIIy true at the\...last parts of the cOlumn, Lej., 

near the column outlet. In this pro~ect, 'very small 

velocities werê used,fvarying between 2 and 2.5 ~s. 

through the whole process, for each bundle prepared. 

f 
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~he choice of ~ii velocities waS made because small 

diameter OTC were used in th~ bundles, and very large . ~ . / . 
inlet~préssures ,are necessary for pushing the viscous 

coating solution through these colurnns. jSrnall variations 

in the velocity of ~he g~s-liquid interface ma~ be appreciable 

when working'at low velocitiesJ although this becomes less // 

significant at higher velocities. Despite the drawback 

0: variati;ns ar low velocities; ~undle~~f~~that . 
1 

produced a unique relationship peak-cornponent could be made 
• 1 
this way, and this is described below. 

j 1 

a) . "In Parallel" B?ndl~ Preparation 
\ 

In this approach, a long OTC was prepared (uncoated), 

and then broken irito columns of 'the appropriate length, 

to make up the bundles. The coating technique (together 
1 

with'all the aux~liary cleaning and conditioning steps), 
• j > • 

was then app+ied to the tkbèS in parallel. Two bundl s 

of different length were made this way, from columns 0 

the sarne diarneter. For the injection, only n-heptane 

was usedl, and so, if the length- difference was sufficie t, . . . 
'9nl~ two peaks should develop. Instead of 2 peaks, 4 

appeared, and it will bé seen that'this Was because of \ 

- 1)) \ contamination 'of n-hept~ne with acetone, used to clean· the 
1 \ 

fllasJ.) from where n-heptane was taken. Each b~ndle had 4 -\ 

columns, abd they were broken one by~ne, until the l;st 

1 
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column of'the longer bundle remained, giving two peaks. in 

order t~ oon~irm that it was in'fact contamin~tion and not 

malfunctioning of the bundles, the single OTC described in~ 

Table 2 (column A) was used, and again two' peaks were 
" <> 

obtained. Table 3 describes the Icharacteristics of' both

bundles ëi.nd the results obtained" are discussed according .. 

to the number of columns involv~d. 

~ With (8, 7, 6, 5) columns, 'the chramatograrns were li~e . 
the one shown in Fic].. 26, while with (4, 3, 2, 1) columns, 

------~ 
i,e., only the columns of bundle G , ~he chromatograms were 

like -the ~.one shown in Fig. 27. \ 

By th~l-caref~l measurement of the retention times, and 

lOokinq at~Fig. 26~ we see that there are four peaks, two 

of them superimposed. 

The retention times obtained are shown in Table 4, 
. 

obtained for an inlet pressure of 2.63 atm. 

Now, we define M. as: 
J. If. 

t. 
M. = ~ -1 1 (46) r J. 1 

i.e., we ar~normalizinq with respect to the first peak. 

(Mi is not,the capacity ratio, Ki' because the first peak 

is' not an inert peak). 1 With this approach, we qet Fig. 2~. 

Note that" for the la~t four columns, as they w~re 

from the longer bundle, peak No. 1 was not presen~, and 

", 

l 

li 
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FIGgRE 26 

Detector Response for Acetone and n-Heptane, 

for Two Coated Bundles of Different Lengths 

FIGURE 27 

Detector Response for Acetone and n-Heptane, 

for One Coated Bundle 
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TABLE 4 

Experimental Results in Two Coated Bundles of OTC 
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r=c.SCjiJr . , 

( 

Table 4 

N 8 7 6 5 4 3 2 1 

t 1 (s) 6.83 6.05 6.58 6.00 

t 2 (s) 15.30 12,.77 14.41 13.68 +--
t

3 
(s) 17.55 15.06 17.17 16.32 17.00 15.50 16.20 16.40 

t 4 (5) 48.36 40.78 44.09 37.62 41.21 38.24 ~1. 00 40.15 

1 ( 
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FIGURE 28 

Normalized Retention Times for Two Coated Bundles 
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was cal,culatec;1 as follows: 

tlmean 
t l = t 4 x ( li) t man 4 

-~-- --, 

71 

= 0.15 t
4 

(47) 

(8,7,6,5, columns) 

We always have, of course, Ml = O. We can see from 
, 

here that each bundle contributes to 2 peaks (one is 

acetone and the $ther n-heptane), and,the chaotic result~ 

obtained with the static coa;ing technique, shawn ~ thJ 

Appendix, Chapter 3, do not appear when the dynamic 

coating technique is used. Figure 29 shows th~ chromatogram 

obtained, from cb'lurnn A, and no measurernents weJ;e made here. 

~n order to check the assurnpti6n that the dead volumes 

of th~ 'connections betwe~n the bundle and the GC instrument <~ 
are a cause of the increase in the /Width wh as ~he number' 

of columns decreases, here those deaà volumes were changed 

2 times during the runs. The drig,inal connectio1n was 

kept until only 3 columns were connected, and then the 
'. 

connèctions were /changed for the smallest one 
. . 

possible 10 achieve. Then, two more runs were made (with 

3 and 2 columns respectively), and when only one column 

,waj in, the'connections were aga~n changed, trying to keep 

them 'the smallest! possible. The results are shawn in 

Jig. 30, for peak No. 4, which is an n-heptane peak. 

The sample size was kept'proportional to the number of 

l" 
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FIGURE 29 
! 

Detèctor Response for Acetone and n-Heptane 
" 

for.Single Coated OTC 
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FIGURE 30 • 

, 1 

Variation of Peak Width at Half Height, with 
• 

the Number of Columns 
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<) 

OTC employed. 

The arrows indicaté where a change in the connections 
. 

occurred, and",_j,:t is seen tha t w,h drops when this is made, 

and ~t 4rops appro~imat~ly ta the mean value af ~h fOr 5 

and more columns. 

The conclusion that may ,e taken fro~ this is that the 

eonnectiohs of the columns ta the detectar an4 the 

ihjection port have a definite role in the spreading of tpe 

peaks. 

\ 
b) -t'In Series" Bundle Preparation 

Another way to prepare a bundle of OTC is by preparing 

a long OTC, coated, and th en breaking it into the colurnns 

that will fobm the bundle. The results of'using bundIes 

prepared in this way givJs sorne information about t~e 

~iforrnity of film thickness obtained by using the, dyn~ic 

coating Table 5 shows the bundle characteristics 
, 

and the results with inject'ions of acetone~ 

methane, as the same' sampling as be~or~ was used. Agàïn, 
. 

we are'not interested in the actual performance of the 

bundIe; but in achieving a un'ique r~lation peaklcompon~rt, 

and this was in fact obtained; as may he seen from the 

chromatograrn shown in Fig. 31. 

, 
o -
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\ 'l'ABLE 5 
! 

Experimental Results in Coated Bundle 
1 

• j. 
~"In Ser1es" Preparat1on) 

! ' 

o 
o 

1 
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Table 5 

, Bundle F' 1 
'Il 

N 5 
~ ~~. 

L (cm, '\1440 \ 

d (Il) c 165 

Cs (% mass) 10 

t
1 

(s) 5.64 

! ( 
• t

2 
(s) 14.4

0
0 

o / 

M . 1.55 , . 
wh (s) . "117.44 

Pli (atm) 

\ ~~ ... 

1 2.63 

-t-' P 6 (atm) 
\ è 

"'1 

", 

1 • 
, 

o 

1 
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FIGURE 31 

) 
Detector Responsë"-!or Acetone ,and n-Heptane for 

Coated Bunqle, Prepared by the "In-Series" Techniques 

.. . 



c 

, 

/----. 

detector 
response 

FIG.31 

\ 

i\ 

. 
- 1 

, 
1 

! 

time 

/ 



· ... 
(1 

77 

c 

\. 

FIGURE 32 

Bundle of OTC, Installed in the GC System 
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4.4 Conclusions 

A method was developed for preparing bundles of OTC. 

This method is a solution to the first of thè research 

problems listed in the Introduction. 

The first criterion of a useful combination of GC 

column and instrument is the existance of a unique 

relationship between peak and component, i.e.,- the coherence 
1 

of the peaks in a chromatogram. The second criterion is 

the separating power of the cOmbination, which may be 

quantified as the reciprocal of the apparent HETP of the 

column. The mixing that oC9urs in the dead volume associated 

with the inlet, connections, and detector of the GC 

instrument affects both of these criteria. By smoothing 

the irregularities in a peak due to the differences in 

- the characteristics of the individual tubes in a bundle 

'of OTC, mixing can make GC peaks coherent. H6wever, this 

is only achieved by a reduction of the separating power 

of the combination of column and instrument. The optimum 

amount of de ad volume would give both conerent peaks and 

maximum separa~~ng power. 

Bundles of OTC that were prepared using the dynamic 
"\ 

Icoating technique satisfied the criterion of peak coherence 

while those prepared by the static coating technique did 

not (see Chapter 3 of the Appendix). The separating P9wer 

of the combination of column and instrument ,for a~ pptimum 
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dead volume w~s not determined. The sep~rating power that 

was demonstrated using columns giving coherent peaks would 

not'have been adequate for rnost analytical purposes, but 

it would be suitable for sorne preparative and process 

control applications. In this qualified sense, the third 

research problem listed in the Introduction has been 

,~ solved. 

( 

o 

.'< fi 
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MATHEMATICAL MODEL , 
5.1 Introduction 

The second of the three research problems listed in 

the Introduction is to de termine the effêcts of the 

variabilities of OTC parameters on the performance of a 

bundle of OTC. In this chapter, we will derive an equation 

that relates the dispersion of a coherent concentration 

pulse in the gas issuing from a bundle of OTe to ~he 

variabilities of the parameters of the columns comprising 
1 

the bundle. The coefficients of the equatfon will be 

discussed in Chapter 6. 

-5.2 Derivation of the Mathematical Madel 

AssUmptions: 1) The ~eaks from individual OTC are 

Gaussian in shape, and 50 Equation (54) applies for th~[1 
concentration profile, whe~e m and s2 are the fÜ:'-st and 

/ sec~nd F~ments and both are functions of the parameters 
" \ 

~gth and diameter. 

c = 
s .:r;; 

(54) 

'/1 

--

.. 

[" 

-, 
~ 

1 
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2. The parameters length and diameter are independent,. 

no~ally distributed on the bundle, i.e.: 

p (w) = 1 

where w stands for L lor d . c 
'; 
l' 

( 55) 

3. For a Guassian distribution of diame~ers, if the 

peaks emerging from the individual OTe are Gaussian in 

shape, the composite peak will also be Gaussian. (30) 

A mass balance give·s: 

JOOJ:(L)P(d )c(t,L,d )F(L,d )dMd ccc c 
-00 _00 

00 00 

fJ P(L)P(d )F(L,d )dLdd 
ccc 

- -00 ~ , 

( 56) 

where cT is the concentration profile from, the bundle, and 

J 

F is the flow r~te~ __ ---- / 

1 For sim~ation of notation, let 

Expanding~wl'W2) as a Taylor's _series, .. 
Wl = L and ~2 = do· 

abou~~ me an 

valUes wl = ~l and w2 = ~2' we get: 

l ' 



0 

.. 11' • 

, 

• (W·-ll.) 
J J 

-= F + 
i 

" 

aF 
-.... -(w .,-ll. ) + 
QW. .l .l 

J. 

i=l,2 and j=l,2 

82 

(57) 

where the variables that have a bar over them are evaluated 

a t the mean val uesl for W., i=l, 2-• 
.l . 

Now, we recall two properties of the moments of a Gaussian 

distribution, namely: 

L~(w. )dw.=l 
-co .l .l 

(58 ) 

and 

L; (w • ) (w. -ll . ) dw. =0 
-co .l , .l J. J. 

( 59) 

Applying these relations (57, 58,59), it is easily seen 

that equation (56) resolves into: 
) 

Jwœl~w(Wl)P(W2) c (t,wl'w~) F (W1 ,w2 ) dW1 dW2 
cT(t,~,dc) = ____________________ ~ ___________________ ___ 

- L ~ 2 
F + ~ o. 

i w. .l 
J. 

( 60) 

Il 

1 
t 
l 
~ 
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Doing the Tay10r's expAnsion of C(t,w1 ,W2)F(W
1

,w
2

) around 

W1=1l1 and W2=1l2' we, get: 

~ (<J-c F+c dF ) c(t,w1 ,W2)F(w1 ,w
2

) = c (t) F + dW. dW. 
l. ~ 

i 

o~ 
1 

L de aF de a.F. (w.-~.)+ L dW ~ aw. F + aw. aw. + aw. ~. + 
~ ~ 

3. J 3. J J l. 

i j 

c ~J dW. aw. 
3. J 

(W.-lI.) (W.-lI.) 
l. 3. J J 

i=l , 2 ; j =1 , 2 

(61) 

Again, using Equations (58, 59), we get: 

00 00 

. f-'ooL~(Wl)P(W2)C(t,wl'W2)F(W1'W2)dW1d~2 = c(t)F + 

~ 

t 

a
2

F J ,L G2 ac dF a~ a c -
2 F + 2 dW. 

fi 
+ c -2 l. dWi l- aw. ' 

i l-

( 62) , 
\ 

\ 
\ 

So, finally Equation (56) becomes: 
'( 

/ 

/" 
J 

j 

, . 

~ 
1 
"\ , , 
; 
j 

i 
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* ) : (qr-y"+ 2 
de âF + c a290~ 
()'toi. aw. ~'J. 

c Ct) F l. J. aw. 
1. 

= i 
cT(t) 

F + L a2F 2 ( 63) -=--z cr. 
aw. l. 

i 1. 

The peak broadening is related to the second moment of the 

peak, because of assumptions 1 and 3. 2" Let.s be the 

second moment for the individual~C-column peak evkluated 

for certain values of the parameters W., i.e., of length 
l. 

-2-
and diameter. Let sT be the second moment for the peak 

from the bundle of OTC columns. So, 

and 

;;r _ . r~(t) 
J_CD 

- 2 (t-m) dt ( 65) 

i, _ 
We recall here that while m is function of (w1 ,w2), m is 

not a function or' them, because i t ls ev~luated for fixed 

values of w1 and W2' namely w. = ~., i.e., the mean 
J. ,l. 

values of wi " Now using Equation 63, we get: 

• 



.. , 

, 
2 

s = . T 

-2 F s 

= 

" 1 

Using the 

... 

o 

Il 

1 

2 a. 
l. ' ... 

, 

ij a~ -2-
(d e -+ -::----2 F l. dW. 

l. 

F + L 
i 

following relations: 

de 
dW. 

l. 
= 

, [1 

de 
as = 

de 
aM = 

1 ae ae !!.- + am as aWi 

[ 2 2 (t-m) 3-S 

s 

(t-m) c 
2 s 
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de dF + a 2F - 2 -+ 2 e -2) ,(t-m) dt aw. aw. 
l. l. aw. 

. 1 
l. 

a2F 2 
--'2 o. 
d\J1 • l. 

l. 

( 66) 

am 
aw. (67) 

J.. 

~ 

Je (6'S) 

(69) 
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we get: 

de [ (t-m~!-S2J dS - ~t-m)} am (70) -= e -
:wi dWi 2 Qw. 

S l-

and: Il 

a
2

c [ 2 2 
2 

(jt-m) . -s dS m-t am ] --2 = e s3 aw. +~ dWi -aw. l- S 
'1 l-

'",-

','1 

-

[ 2 2 a2s a
2
m J + e et-ml -s m-t 

j -2 +-
dw. 2 2 

S aw. s 
l. l. 

El 21 

+L (am) 2 J + e (s2 -
3et-m) )(!!)2 (71) 

s4 dwl 2 dW. 
S J. 

,\) 

Substituting Equations ,67 through 71 in Equation 66", ànd 

1etting M. r~present the ith moment about the mean we get: 
J. 

a 

", 

, 
-

I 
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\\h 

\ 

0 

... 

2" (F+? a2
F 

sT -2 
l., dW. 

1. 

o~ M 
• ~(-- 6 f "'F - 5F 

56 

2 ) cr. 
~ 

1 

M4 
--+ 4 , 
s 

0 

--2 Ia~- [(as) 2 = Fs + • ~ dW. 
J. , ~ . 

- \ 
M --r M_ 

2F -P) + ( ~ ) (F j-
S dW. s 

1. 

87 

.., 

14 
F- r 2 ) 
\8 

-2 MM --MM 
+ (am) (F 44 + Fi.-L

2 
) + 2 ~ ~ ( 4 - -L ) aw. aw. dW. , s 

1. Ii s ~ 1. 5 

a
2

F J + ~ M2 aw. 
1. 

(72) 

'} 

, 
as the odd moments of a Gaussian distribution are zero. 

Also, for a Gaussian distribution, we have: 

M2 
2\ 

1 = s 
( 

'" 
(73) 

l-14 = 384 
(74 ) 

M6 = .1;55
6 

(75) 

'\ 

• 

1 

1 
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50, the ~inal expression becofues: 

7"" (F + L 
a 2F C1~) F -2 + Lcr~ ~F (dS ) 2 
--"2 = S T i dw .. l. . 1. dw. 

l. l. 
1. e 

-2-
(am )2 dS ,,~F -2 ~\J 2Fs (~ ) "-

.+ + 4F + 4s ~,-- + s ,r 2 dw. dW.1 d\'l. W. 1. 1. l. aw. 
1. 1. 

(76) 

To better understand Equation 76, we recall that the bar 

over a symbol indicates that the variable is to be evaluated 

for the (possibly hypothetical) mean OTe in a bu~dle, 

i.~. '::an OTe hav~ng the me an di~eter and length. ~he 
variables rn and s refer tct a chrcwatographic peak. For 

Gaussian peaks, m = tr and s = 0.425 wh' where ~h is the 

peak width at half height. The symbols w1 and w2 are 

aliases for Land d that per.mit the equation to be e 

written more compactly by using subseripts. The variances 
2 2-

of,L.and de for the OT~ in f bundle are crI and °2 " 

The developrnent of this expression depended on the 

assurnption of Gaussian distributions and the approximation -
. 

of the functions r and cF by truncated Taylor series. This 

approximation should be appropriate in'view of the narrow 

/ 
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distributions that are desired for Land d. Equation 
c . 

76 is a general expression of the effect of the variability 

of OTC parameters on the performance of a buntlle of OTC 
/ 

and, as such, is a part of the solution to the second 

research problem listed in the Introduction. 
\ 
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CHAPTER 6 

AN APPLICATiON OF THEl MODEL 

6.1 Introduction 

As Golay (1) observed, the difficulty in~making a 

practical chromatographie column from a bundle of OTC lies 

in puttîng". .• capillaries together in parallel which are 

like each other". There is making all of the 

OTe in a bundle exactly al' riabili ties of 

column parameters about may be measured and 

controlled to some degree. In the previous chapter there 

was derived a quantitative relation that gives the 

spreading of the coherent peak from a bundle as a function 

of the variances of the diameter and the length of the OTC 

in the bundle. There ia no question that the width of a 

peak from a bundle of OTe is greater than the width of 

the peak fr~ a single OTe in the bundle. The question 

to be answered is, "~much is the peak wi'tith increased 

by realizable variances of OTe diameter and length?" The 

purpoaes of the reaearch reported in this chapt~ and to 

provide estimates of the coefficients i.n Equation 76 of 
. 

Chapter 5 and give a rough, tentative answer ,to our 

question concerning the increase in peak width. 

The vari,abili ty of colwnn diam.eter or length influences 

',. 
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the dispersion from a bundle in seJeral ways. For example, 

consider two OTe that have equal lengths but slightIy 

different diameters. During the dynamic coating process, 

the pressure differences ac~oss the two tubes are equal, 

sb the coating solution is displaced more rapidly from the 

tube having the larger diameter. This results in a 

difference in the thicknesses of the films deposited on the 

tube walls. The difference in film thickness means that 
. 

the capacity ratios for the t~o tubes may be different. 
, 

The tube having thi larger capacity ratio will give~a 

greater retention time, other'things being equal. The 

difference in column diameters also influences the 

retentio;n times directly~' The pressure drops across the 
1 ~ 

columns are equal during t,he elution of a peak, so the 

velocity of the ~arrier gas is greater through the column 

having the Iarger diameter. Thus, the tube having the -
larger diarneter will give a smaller retention time, other 

~ .. , 
things bein~ equal. Both of these influences on the 

retention tirnes of the peaks from individual OTC's are 
\ 

potential causes of an increase in the width of the peak 
, 

from the bundle of OTC. A difference in the diameters 9f 

two columns will also cause them to give peaks having 

different widths. This may be seen by consideringlthe 

effects of two different capacity ratios and velocities in 

the GOlay equation, Equation 33. Although all of the 

11/ 
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effects of the variability of column diameter are 

conceptually separable, the y are difficult to separate in 

practice. We will only attempt to estimate the net effect 

~ of parameter variabilitYjon dispersion of the peak from 

a bundle of OTC. • 
In Chapter 2 i~ was shown that the peak spreading caused 

by end effects is too large to permit accurate measurement 
~ 

of the peAk spreading in individual columns. Consequently, 

the Golay equation has been used to estimate the effect of 

variation in diameter or length on the peak wtdths of 

individual OTCts. The estimates of s2 that are obtained 

this way are too small, and the effect of this will be 

discussed below. 

The value of the partition coefficient B of n-heptane 

was obtained from the data of Table 2. For e~lumns A and 

B, respecti vely , B equals 474 and 528. Kwantes and 

Rijnders (38) report values of 6 for n-heptane-squalane , 

of.144, 73.5, and 36.5~ at tempera/ures of 80, 105, and 

l350 e, respective'ly. An extrapolation of these data to 
o 1 

20 C gives e ~ SOO at that temperature, a value that ~ 

agrees with the mean of 501 for columns A and B. Values 

of d f were calculated using 6 = 501 and 

Krc 
d f = 2S 

, 
The coefficients for Equation 76 were estimated from 

/ 
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one experiment on the influence of column length and two 

experiments on the influepce of column diameter: Bundles 

of three columns werb used in each of 'the experiments. Tn~ 
bundles were coated by the lIiJ parallel" process using 

the dynamic coating technique. The sample sizes that were 
cl 

used were êalculat~d from Equation 42. The pressure 

diffl~ences across the columns were approx~ately 1. t atm 
1 

in al,l three experiments. 

6.2 Influence of Length ... 

Heptane and ~ethane peaks were eluted at 200 C from a 

column consisting of 3 parallel OTC that had different 

lengths, but the sarne diameter. The characteristics of 

the three OTC and the rneasurements made during this 

experiment are shown in Table 6 and Figure 33. 

Because the tubes were coated in parallel, the coating 

vel~~ties were different for each one. The different 
1\ 

-velocities should lead tp. different film thicknesses, but 

the differences in the values of df shown in Table 6 are 

not as large as one might expect on the basis,of,Kaiser's 

(9) results. . 

For est~ates of the coefficients in Equation 76, 
Q 

qne needs relations between t~ and m and between Land s, 

the standard deviation of the concentration peak from a 

single OTC. Although the peaks are skewed, it 

l ' 
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.TABLE 6 

Experimental Results for the Experiment on tlile Influence 

1 

of Length 

1 

1 
'v 

...-. 

'. "_. 

/1 
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Co1umn designation 

L(cm) 

d (ll) / 

c 

c (% mass) 
s 

t Cs) 
rn 

t (s) 
r 

K 

df(ll) 

( 

Cl 

Table 6 

L' 
1 

"-'450 

249 

10 

3;23 

6.75 

1.09 

0.14 

" 

'\IS70 '\>1620 

249 249 

10 10 

10.66 38.31 

31.69 103.75 
[ 

1.97 1.71 

0.25 0.21 
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FIGURE 33 

Variation of Retention Times of n-Heptane 

and CH 4 with'column Length 
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is asswned that the" peaks is~uing fram the column are 
, 

approximately Gaussian and that m = t , the retention time 
r 

of the maximum concentration. The experimental data for m 
1 

w~re correlated using a second degree polynomial: 

(77) 

, ' 

Values of s2 were calculated using the Golay Equation 

(Equation 33), HETP = s2/L, and (l+K) s~cm~=u(cm/sec)s(sec) 

(Equation B8A' from Chapter 1 of the Appendix). For use 

in the Golay Equation, the diffusivity of n-heptane in 
0' -5 2 

squalane at 20 C was estimated to be 3 x 101er /sec by 

the method of Wilke and Chang (3~). The values of s .. 
were correlated by 

(78) 

6.3 Influence of Diameter 

Heptane and methane wer~ e1uted at 20°C from a column 

consisting of 3 parallel OTC that had ~Iifferent diameters, 
f. 

but the sarne length. TWO columns were used in separate 

experiments. The first column was prepared using a 

coating solution of 10 per cent squalane in acetone, the 
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sarne concentration that was used 
l ' 

in the experiment on the 

influence of length. , The second column was preprared using 

15 per cent squalane in acetone as a coating solution. This 

second experiment was not necessary, 'strictly speaking, 

because there is no way that the concentration of the 

coating soiution can vary from one tube to another in the 

"in parallel" version of the dynamic coating process .. 

Nevertheless, it gives additional information on the 
1 1 

affect of diameter on, coating thickness and, together with 

the other experiment, shows th~ interaction between diameter 
, 

and the concentration of the coating solution. It is of 

i~tere~t for these reasons. 

The results of the two experiments are shown in 

Figure 34 and Table 7. The fact that the two sets of 
; } 

values for the retention time ,~f an enert, tro' do not 

agree, indicates that the flow rates were n~t the sarne 

in the two ,experiments. This may have been caused by an 

accidentaI change in the splitter. 

1 Kaise~1 (9) correlates film thickness with tube 

diameter, solute copcentration, and velocity of coating 

. solution for different solvents. He shows that there is a 

critical veloeity that gives the smJllest value of d
f 

for fixed values of ',cs and dc'. Far ~elocit~es greater than 

. the critical velocity, he presents a correlation. that has 

the fOrnl 

.. 
~< 

, , , 



w •• " 
-~ 

\ 
98 

TABLE 7 

Experimental Resplts for the Diameter Influence Experiment .. 

· , 



. , . 
/ 

o 

Table 7 

( 

1 

Column 
designa tion ,Dl O2 D3 

L{cm) "-450 "'450 "'450 

0 

d (11) 281 180 . 108 c 
( 

c (% mass) 10 15 
s l~ 15 10 15 

" 

t (s) " m 4.20 3.20 9.83 7.23 22.09 15.58 

~J / 
t (s) '9.20 19.46 

r 
14.28 30.98 35.87 47.10 

K 1.19 5.08 0.45 3.28 0.62 2.02 
Î 

d f (11) 0.17 0.17 0.040 0.30 0.033 0.11 

, 1 

() 
1 

! • 
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FIGURE 34 

• " 

Variation of Re,tentiop Times for IJ-Heptane and CH 4 

, with Column Diameter, for Two Concentrations of 

~oating Solution 
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c 
d = ~ (a'u + b'). 

f d c s (79) 

For each bundle of column~, the c.oating velocities, us" 

are pro~to d~ , so that the form of the relation 

between d f and dc for the columns in a bundle should be 

df = a d + b/d (80) c c 

where a and b are empirical constants. The values of df 

reported in Table 7 for the ~5 per cent solution agr~e 
1 

reasonably weIl with this relation, but the values for the 

10 per cent solution do not. The critical velocity 

undoubtedly depends on the viscosity of the coating 
... 

solution, so one explanation-for the non-linearïty of ~he 

df values for the 10 per cent solution is that the coating 

velocity in the smalle5t tube was belo~ the critical 

velocity. 

The data fo~ m and 52 were correlated in the sarne way 

as in the experiment on the effect of length 
il 

and 

t 

m(sec) = 96.3 - 0.715 dc(~) + 1.44 x lO-3d~(~2) 

(81) 

/ 

-, 

L 
~ 
1 , 
t 
t 

l 
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• 

s(sec) = 0.855 - 7.01 x 10-3d (~) + 1.49 x lO-5d2(~2). 
c I~) C 

(82) 

6 • 4 An Example 

In order to determine the effect of the variabilities 

of column parameters on peak spread~pg, we must evaluate 

the coefficients in Equation 76. The coefficients 

involve first and second derivatives of the empirical 

functions of Land d that were developed in the previous c 

two sections. It is assumed that the functions are 

smooth enough to be approximated by second degree polynomials. 

The oferation of differentiating discrete experimental 

data magnifies experimental errors, so the results are 

only semiquantitative. In spite of this, sorne useful 

qualitative conclusions may be drawn. 

The derivat~oq of, Equatio~ 76 in the previous chapter 

used Taylor series expansions of F(~1,w2) and 

7(t,w1 ,W2)F(WI ,w2) about specifie values of wi4and w2 ' i.e. 

SPiCific values of Land dc' Extrapolation of th~ empirical 

equations should be avoided, and the evaluation of the 

functions at an experimental point is to be preferreq. The 

functions have been expanded around L = 450 cm and 

de = 249~ which corresponds to eolumn LI in the length 

experiment and falls between columns Dl and O2 in the 

\\ 



., . 

l, 

diameter experiment. 
1 • 

From Equat~on 4, we obtain 

F = 7T(IlP)d~ 
l2BllL 
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(83 ) 

\ \ 

Then, from Equations 77, 78, 81, 82, and B3 we get the 

following values for L = 450 cm and d 1 = 249~: c 

L Series D Series 
w - L l - w = d ' 2 c 

m, ,sec 6.75 7.60 

s, sec 0.045 0.035 

3 F cm /sec 0.178 0.178 

dS/é)W
i

, sec/cm 2.4 x 10-4 4.3 
2 sec/cm 2 3.5 10-8 x 103 dS/aW. , x 3.0 
1 

dm/aw. , sec/cm 0.046 28 
, 1 

aF/é)w. , 2 -4.0 10-4 cm /sec x 29 
1 

2 2 cm/sec 1.8 10-6 3500 d F/é)w., x 
1-

The values of m and s for the two experiments should 
- Il 

coincide. The differences are'an indication of the 

experimentàl'error. One might expect the value of 

am/aw2 te be negative, but the increase in fi~m thickness 

app~ars te be more important than the increase in u fpr 
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. 
increasing d c . By substituting these tabïlated values 

,A 

into_Equation 76, we obtain: 
1,), 

222 
2 0.178s + 0.01501 + 6300 2 

sT = 0.178 + 1~8 x 1?-60~ + 35000~ 
( 84) 

2 2 ~ 1 2 2 "2" 
where 01 and a

2 
hav~ dimensions cm and sT and s have 

d , l, 2 ~ l.IDenS10ns sec . 
\. 

2 2 What are reason~ble values for al and 02? From 

Figure 18, a; = 6 x lO-8cm2. Actually, this estimate iSI 

more applicable to the variability of the diameter along 
1 

the length of a tube. The varidnce of the apparent 

diameter within a bu~p~e of tubes would depend on control 

of the drawing conditi~ns over a longer period of time. 

Nevertheless, we will take the value from Figure 18 as a 

first estimite of an att~inable value of a~. For OTC 

that are only a few meters long, the measurement and 

contror of length is relatively easy, so a value of 

a~ =1 0 .003 cm2 should be 

The estimatés of ai 
attainable. 

2 A 

and a
2 

lead te the conclusion 

that the second and third t~s in the denom~nator of 

Equation 84 are prebably negligible. The coefficient of 
2 

02 would have to be more than two ord~ of magnitude 

larger bafore it weuld affect this conclusior. 

~he r~lation between s; and s2 may ba written as 

Therefore, 

J 

" 
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s; ~ S2 + 0.08401 + 3500a~ (85) 

The estima tes of attaiiable valùes of ai and a~ indicate 

that ~or a bundle of oTe in which the mean values, were 

L = 450 cm and dc = 249~, one could have 

s; ~ ~ + 5 xlO -4 . (86 ) 

Then, if s ~ 0.040 sec, sT ~ 0.046 ,sec and sT/s 11.15: 
Th~s ratio corresponds to an HETP for the bundle that is 

32 per cent larger than the HETP for the "mean" column 

of the bundle. 

Ninety per cent of the contribution to the 
2 coefficient of a2 and over 99 per cent of the contribution 

to the coefficient of ai come from terme contain~ng only 

F and am/aw. • The other terms involve the estimates of~ 
Jo 

a 2 that were obtained from the Golay Equa'tion. There are 

several re~sons w~ ~hese estimates of s2 can be expected 

to be too small. For examples,'non-uniformity in film 

thickneas, interfacial tra~sport resistance, and the 

curvature of ...1he helical columns aIl con\tribute to an 

inorease in,,_s 2 • While the errors caused by estimajting 
2" s by the Golay Equation are significant, the terms 

involving sand derivatives of s in the coefficients 

,,' 
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of ai and a; are relatively small. The major source of 

error in estirnating sT/s is the error in arnlawi, which 
. 

cornes from experirnental errors in the measurement of m, 

errors in fitting the data by a polynomial, and the rnag- 0 

nification of these errors by differentiation. 

In view of the uncertainty in the estimate of amlaw., 
~ 

the true value of sT/s cou Id easily be larger or smaller 

than 1.15. To the extent that s has been underestimated 

by using the Golay Equation, the above estim,ate of sT/s 

is too large. For s = 0.040 sec, the sensit~vity of the 

comparison 

errors in the surn of thr terrns involving 

Equation 85 can be seen from the fo11owing 

2 2' Il 2 sT - s , sec 

5 x 10- 4 

5 x 10-3 

5 x 10- 2 

1.15 

2.0 

5.7 

Considering that pos"sible underestimates of the teI1IlS 

. l' 2 d 2 Id b ti Il t d b 1nvo v1ng al an a
2 

wou e par a y compensa e y a 

very likely underestimate of sr it seems likely that the 

r~tio sT/ ; is less th an 2. In this case, the rahio of the 

HETP of the bundle to "the HETP of the "mean" OTC in the 

bundle would be less than 4. Columns consist!rlg of such 

bundles of OTC would be suitable for preparative and sorne 

analytical applications. Whether columns for more demand-

ing applicatfons can,be prepared from bundles of OTe remains 
\~ 

an open question. 

,1 
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6.5 Conclusions 

The conclusionspresented here are conditional on 
\ 

several assumptions and limitations: 

l. The peaks are approximately Gaussian. 

2. The distributions of L and d inl a bundle are c 
approximately Gaussian and narrow. 

3. The experimental values of m and the calculated 

values of am/aL Jnd am/ad are approximatel~ c 

correct. 

4. The estimates of realizable values of 0; and 

a~ are approximatblY correct. 

5. The conclusions ar.e limited to bundles for which 

the mean values are near L ~ 450 cm, d = 249~, 
c 

d f = 0.15~ and F = 0.18 cm3/sec. 

With these reservations and limitations, we conclude that 

it is possible to prepare bundles of OTC for which the 

HETP will be less than four ti1es the HETP of the mean 

column in the bundle. Furthermore, the control of end 

effects in instruments ~n which OTC bundles are used will 

be almast as important as the control of end effect~ for 

sin~le OTC. 
, , 

Given the conditions and limitatio~ stated above 

Equation 84 provides a solution to the second research 

problem listed in the Introduction. 

, 
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CHAPTER 7 

, SUMMARY 

7.1 Conclusions 

The preparation of bundles of OTC is reported by the 

static coatinq technique and by the dynamic coating 

technique, but coherent peaks were only obtained with this 

last method. Because of the presence of strong end 

effects, these coherent peaks do not mean that the response 

from each individual column of 'the bundle is similar enouqh 

to be analytically useful, so that the analytical usefulness 

of the bundles of OTC remains an open problern. 

A mathernatical model was developed, in which the 

broadening of the bundle peak is related to the broadening 

of the single OTC peak and the variances of the geometric 

characterics of the columns. This model can be a useful 

tool for the pr'diction of bundle performance, or for the 

prediction of construction requirements in order to meet 

a specified performance. 

An application of the model was done, for a short 

f ' l" h 1 d d' . d' cci . range a engt S an 1ameters uS1ng the ynam1c _lat1ng 

technique coupled with the "iri-parallel" bundle preparation. 

This exemplifies how the model can be ap~lied ~o any 

particular case and suggests that the increase in HETP 



, 
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\ 

due to the variability of col~ length and diameter would 

not be.excessive. 

7.2 Original Contributions 

OTC bundles were prepared that satisfied the first 

criterion of usefulness: they produced coherent peaks. 

The coherence of the peaks may have been helped by'the 

end effects associated with the GC instrument. 

A process for preparing bundles of OTC columns was 

developed. 

A mathematical model was developed to,rela~e ttie 

HETP (or peak width) of a bundle of OTC to the HETP of 

the "mean" OTC of the bundle and the variances .Qf the 

length and diameter of the OTC in the bundle. ~An example 

was given showing how this model would be applied. The 

conditional conclusion was reached from tb1~ example 
( "!~1 

, "'t 

that the HETP from a bundle would be less than four times 

the HETP of the "mean" OTC of the bundle. 

7.3 Suggestions for Further Research 

The conditional conclusion that the HETP from a bundle 

would be less chan four times larger than the HETP of the 
\ \ 1 1 

"mean" column of the bundle should.,be tesJed experimentally'. 

The apparatus that is used for this must have much smaller 

end effects,than the apparatus used in this project. 
l . 

if 
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It would be interesti~g to produce and demonstrate 

and OTC bundle that would be useful a's an analytical GC 

column. 

Bundles of short, smaller diameter OTC could have 
, 

interesting applications. It is suggested that the 

limitations on the production and use of compact bundles 

of OTC be èXplored. 

Il 

1 
/ 

\ 

, 1 

1 
l 
1 

1 
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INTRODUCTION 

In the Appendix, 

provided in the text, 

the more important derivations, not 
)i 
will be mïde. Special attention is' 

given te;> ·the diffusion in OTC, and to the flow through OTC. 

Thè results of two sub-investigations that did not 

contribute to the main research objectives are also 

reported here. The first of these investigations was a 

study of flow in uncoated columns and the second was a 

study of the characteristics of an OTC bundle prepared 

b h 
. . 1 . 

y t e stat~c coat~ng techn~que. 

" 
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APPENDIX 

CHAPT~R l 

• 
Theory of Open Tubular Columns 

" 

1.1 Flow in OTC 

In cylindrical coordina~es, the componen~s of Navier

Stokes Equation are: (31) 

r-component: 

-r 

z-componertt: 

dU 
r as 

1 
r 

= 

7;ee ar; - __ +--E) 
r dZ 

au 
azL> = 

ap 
- fi -

(2A) 

r.: au 2 1 a 1 aUe au ] 
1;rr= -~ Larr - 3 (r ar (rur ) + r ~+ az Z 

\ (3A) 
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c: 
[ u u u u] 

I;a a = -lJ 2 (!. ~+2:)_~ (l L(ru ) +1 ~!2.) 
r ae r r ar rra e a z 

\ 
( 4A) 

1 

1; [2 aUz 2 [1 a 1 aUe auz] (SA) = -lJ - 3 r ar(rur)+r ~az-zz az 

[r 
u U ) 

Cre '" r,;er = -lJ .L{-.!) +! .LE (6A) ar rra e 

~e = -lJ 
( aU e +.! aU z ) (7A) 

/';ez '" az r a e 

(ÔUZ ôUr) 
Çzr = r,;rz = -lJ ar- + az-

) 

(BA) -, 

The fo11owing assumptions are made: 

-two dirnensional axisymmetric flow; 

-steady state flow; 

-no body forces. 

These equations reduce tq': 

r-component: 

1 

z-component: 

. - (lOA) 1 



1 
1 

• f' 

oeveloping, they become: 

11 d · \1:I D
O For a sma ra 1US, ~ • The Continuity Equation is: 

ôp -ai + divpu = 0 

and for steady-state, divpu=O 

So, 

- -'V.(PLl) = u. V p + 

\ 

'V .u 1 a .. 
r ar 

u 
pv.u", pÊ2 

az 

(rur ) 

D'V .u 

+ 1 
r 

.. 0 

ô ue a U z 
Te + -- = az 

where 9i is the un~t vector in direction i. 

a U z 
"fZ 
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(llA) 

( l2A) 

(13A) 

(14A) 

(lSA) 

(16A) 

(17A) 
r---

( ~ 
\ 

BecauJle of the assumption that ~~.o, i t fo11ows that 

:r-O, and the Continuity Equation becomes: 
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\, 

u 
p ~ + u ao = 0 

a z z âz (18A) 

Substituting into the Equation of Hotion (Equation l2A) , 

we have: 

2 
aUz 

2u 
!E lu 2 al' 4 a- u __ z_ + a, z 

(19A) = + 3" lJ rx-ar- + l.l 
ar 2 3z z az 

ôz
2 

To solve this equat i0n: a step approach is considered. 

First, we assume the ve10city U z to be just a function of 

the radial position. 50, the equation reduces to: 

~ 
az 

which is the Hagen-Poiseuille Equation. 

Integrating(32), the solution ~s: 

= 
_1 dn r 2 

=...:.. - + A lnr + B 
li dz 4 

.-

For r-O, U z must be fin~te 

1 

. . . 

For r-r , U z must be zero .1·: B • 
C \ 1 

So, the solution becimes: 

2 
r 1 ~..2,.. 

li Oz 4 

( 20A) 

( 21A) 



[ 

o 

P.-P l. 0 

-Averaging over the cross-section, we get u: 

u rdrdS z 
P.-P , - l. 0 

u '" .. 
rc 2)JL 

rdrdS\ 
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(22A) 

2 1\ 

r 
(~) 

4 
(23A) 

Sorne correction must be app1iéd for cornpressibi1ity. The 

rnost common way is by app1ying the compressibi1ity correction 

factor j, and another way is the correction based on kinetic-

. (10) energy converSl.on. 

By the definition of retentidn tirne: 

50, 

dV 
F· 

P. 3 1 
(-.!.) -

[
2 .Po ~ 
3' P. 2 as 

(-1:.) -1 
~. Po 

But t F _Vo (corrected retention volume). r 0 r 

(24A) 

) 

(25A) 
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/ 

Then, 
1 1 

VO = jVr (26A) 
R 

1 
1 

where Pi 2 
(-) -1 

3 
P 

j 
0 (27A) = 2" Pi 3 

(-) -1 
Po 

From here, it immedia te 1yl fo11ows that: '. 

(28A) 

where Uo is the out1et 1inear ve10city. 

To get the pressure gradient along the column length, 

we introduce the permeability of the co1urnn, as: 

50, 

B o 

6p a p._p • ~Lu 
~ 0 Bo 

-

(29A) 

(30A) 

From here, considering u to be function of z, we have: 

'1 
\ '\ d : U z !::!.E. a -IJ - ... 

dz· B o 

As the viscosit~ (IJ) dGeS not depend on P, we halve: 

(31A) 
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i , 
! 

! 

10 
r 

t 

l, 

where 

Integrating we get: 

The boundary conditions are: 

So, 

and 

z = 0, P = P. and z = L, P ~ P 
~ 0 

\ 

P 2_p. 2 
o ~ 

2L 

"" P 2_p. 2 
o ~ 

The final relation becomes: 

·121 

( 32A) 

(33A) 

(34A) 

(35A) 

(36A) 

(37A) 

This gradien~ agrees for the case of expansion, as it 
" 

becomes steeper towar~s the end of the column, in arder 

te accemrdat~,the higher velocities encountered there. 

Il' 

, \ 



f 

1 

.-....'''l':---.. I...,lIJ'l'F--..... --:f'-~~-- ~~~---- -

o 

1.22' 

The kinetic energy correction is based on the fact that: 
1 

6.p =, (6.p) frictianal loss + (l1p) kinetic energy (38A) 

When agas fl.ows from a reservoir toll a tube, its, potential 

energy is partially consumed to overcome friction, and the 

other part is transformed into kinetic energy associated 

with the acceleration of the gas particles, as eXfansion 
\ . . 

is accuring. Let l1Pl be the- additional pressure drop due 

to the conversion of kinetic energy. The potential energy 

corresponding ta l1Pl is obtained by multiplying it by the. 

,volume flow rate. The kinetic energy of the gas discharged 

at the outlet of the tube is: 

From Equations 22A and 23A, 

So, 

2 2 r -r c 
( r 2 ) 

c 

1 

1 • 

-3 2 '- 2 
prdr • 1IP U rc - 6.PJ. u'II'rc ., 

1 • 

. . 

(39A) 

(40A) 

(4lA) 
, , 



, 

• 

123 

. " 

Then, 

P."p 
1 0 

(42A) 

while experimentally, (10) a better correction was observed 

to be: 
-2 

81lÜL + PU ÀP == ~ 2.2 (-2-) 

. c 1 

(43A) 

This pressure distribution is sketched in Fig. lA. 

Pd is the dynariC pressure, Ps is the sratic pressure 

and Pt is the total pressure (i.e., Pd+Ps )' 

From a to i, the gas is accele2ated to a velocity 

\uinlet' The Pd is increased by (p~ ), while P s· drops by 

the s~e amount. 'In this section, the total pressure 

remains co~stant, and the friction is neglected because of 

the large cross-section of the tube from which the gas 

flows-tnto the capillary. At the instant the g~s enters 

the column, the velocity rrofile i5 not yet parlbolic, but 
\ -2, , 

the kinetic energy is Pt-. Tc;> obtain the parabolic pro'file, 

Pd must increase by this amount, while Ps decreases by the 

sarne mnount. Now, th~ internal fri~tion ls iPpreciable, 

and P drops by y. This means that 'the pressure gradient 

measured in the column is higher than the predicted by 

-2 .. -2 Hagen-poiseuille, by the amount (pu +y) 1 i.e., by m pu , .. 
where mis, usually 1.2. 

\ 

',' 
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1 
FIGURE lA 

,. 

Pressure Gradient Along Column Length (Schema tic) 
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1.2 Transfer of Mass in Open Tubular Columns 

The first order co~servation equation 'De Vablt Equation) 
., 

is here derived for a single absorbed component. 

Let c be the molar concentration (per volurne~ in the 

g~s phase, and q be the molar concentration (per ma~s) in 

the liquid-phase. A mass balance across dz gives: 

âe dz II: AC 
oZ ( 44A) 

Then, t:.cdV is the variation in moles of so~ute, in the 

gas-phase, acioss dz. Accounting now for the liquid-phase, 

a~other mass-bal~~ce (totàl) gives: êf:' 

\ 

ac dz dV ac AdzdV - 2.S. DdzdV 
a z \= av av (45A) , 

where A.is the volume of -gas-phAe per unit length of ..column, 

'and 0 is the mass of liquid-phase, also per unit lensth of 

colwnn. 

So, we have: 

J 
- Tc- .. A ~ + D !9. 

a-z av av 

which is ~evaul t Equa ti~n. 
For a linear isotherm: 

. ' 

o 

... ' 

.~ , 

.,j 
.~! ~ 

.. 
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t: 
q = a' c (47A) 

where B' is -tJ:1e partition coefficient. 50, Equation (46) 

becomes: . 

(48A) 

For an impulse input, i.e., for ô(y)~O and 

é(y)dy-l, the general solution for DeVault equation is: 
1 

1 -
(49A) 

Considering infinitesimally small concentration, i.e., c+O, 

we have: 

v .. z (A+QS') ('SOA) 

, ' 

and putting Z-L, we arrive at: 

VO - L(A+DB') (51A) 

'\ 
R 

"' ~ .. , 

13 Factors Aff&cting the Broadening of Peaks ·,i!1 GLC, 

using OTe 

() , a) Exfect of the IAput,DAstribution 
1 inpU~istrib~tiO~. beg1nning If we consider an at the 

\ • /' 
~/ 

~ \ 



r ,- r 

, , 

c 

.... 

1. 
, 

of the elution, the zone of vapor (a zone is a region in 

the column wqere the solute is present-in detectable 

concentrations) takes the form of an ~nfinitely narrow band. 

This ideality is not attained, as both the vapor and the 

sample~injector cavity occupy a finite vol~e. The effect 

of this on v~ may be small, but noticeable. (7) Two extreme 

inputs may be consiqered. (33) In the first one, t~e vapor 
1 

goes into the colurnn as a compact plug of finite volume, 

within whi~h the vapor concentration is uniforme Tlie result 

is the superimpositi9n of a G~ssian distribution and the 

plug of vapor, and the final distribution has fhe maximum 

point ~t th~ mid point of the input. The shape of the 

peak is bot~ a function of the colurnn operation and of 

the vapor introduction. In the case of.linear isotherm and 

;i,deal chromatogr,aphy, whatever the input distribution of 
, . 

a, c~mponënt, the output distribution will have exactly the _ 

sarne shape. (l) ,In the ~ praçtfcal case of non- ~deal linear. 
1 

Ge, every inpurdistributio~ tends to be broadened out 

into a distribution that approaches the Gaussian distribution. 
~ 

In the case of a plug type' input,' if the retention 

time is measured from the insta~~~t the front of,the 

plug enters the column,- the r,ten~ion volume.measured ta 

the maximum of the output distribution will be greater than 

the retention volume corresponding to a ~ function, by 

half of the width of ~he plug (measured in volume units). 

\\ 
\ 

, -

\' 
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(52A) 

In the second extreme case of an input distribution, 

complete mixing occurs in the sarnp1e in je ct or cavity, and 

the input will be a~oisso~type distribufion. 

The real cases seem to lie be~wèen these two extremes, 

and the b'est practical input is ,a plug of pure vapor that 
/ 
1 

e~ters the column undiluted by ~he ~arrier gas. In the 

int}oduction of liquid samples,': oelow thei~ boiling point, 

the vapor is necessarily dilu~!ed with \~rri:E_ gas, and 

there is a period in which th~ sample is evaporating, and 
/ 

thus, the input distribution ,bccupies a larger volume, 
/ ' 

particularly for the le~s vOlitile components, than~ in 

the case of pure vapor injection. The width of this input 

can be describkd by V ... and retê~ion_v. olurnes (measured) plug' ~ __ 

increase with the sample size. 
-.... ~ ....... 

b) Effect of Finite Vapor Concentration 

The DeVault Equation was der~v:d for c~O, which i8 nrt 

the real case. A,fin~te vapor ~oncentration will produce 

an increas~in vO
R with a decrease in 'th~ sample\ size. 

At each point in the cOlumn, sinee there i5 a fini~e vapor 

pressure of solute, the partial pressure of carrier gas is 
- Il " . 

l~ss thah for the case of c~o. Th~s means that the ca~ierl 

~s velocity is qreater, where there is more vapor, in 

or der to maintain the fixed mass flow r~te/alo~g the co l WIIll , 

- - D 

\\\ 

l, 

.' 
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and this produces asymmetry in the peak, as the center of 

the zone (where c is larger) moves more rapidly- tha,\ the 
", 

edges. The increased flow rate inside a zone of vapor may 

be calculated as follows: 

Let c' be the mole fraction vapor in bhe gas-phase. 

Then: 

F'" rz5(c ' ) (53A) 

F (c 1 ) 

F(cf=O~ = 
l+K 

l+K(l-c') 
\ 

(54) 

2 1 1 Let 1 s assume now that c '\max is pr~portion~l to z (this . 
is proved la~fr), and let c~ he the particular valùe of 

1 -max 
c~~x as the peak emerges from the col~, i.e., for f-L. 

C I - C' , 
max Rmax 

(55A) 

By Equation (24A), we have: 

\\ Pd 

t -
(A+DS 1 ) 

Z 
r pp (56A) 

o 0 

• 
,\ ., ' ) 

But 

PF (z) .. 1 
PoFo 

(57A) 

\\ 



.. 

() -' 

Now 

. . 

* t
R 

= (A+D Si) 

F (c 1 > 
F(claO) = 

I+K 

l+K [l-C 1 R (;> 'J 
max 

F(c l ) = (I+K)F(c l -O) 

I+K [1-C I \(~)'] 
R l' Z max > 

50, we get: 

* A+DB I 

tl- "" ~ F(c'·O) 

L(A+DS')' 
F(el-O) 

Finally, we reach: 

(1-2c l 

R max 

Il 

I+K' [l-C~x (~)1/2]dZ 

I+K 

K m) 
, ,. 

* K 
tr • t (1-2C~ \ l+K) 

r -1nax 
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( 58A) 

(59A) 

(60A) 

.. 

(61A) 

(62A) 

A consequence of the finite vapor concentration is the 

viseosity of the peak. When the flow through the column 
1 

i~ control1ed by maintaining a AP constant, the viscosity 

\ \ 



Il 

o 

-- - , 

131 

'of the peak perturbs the flow rate id p~oportion'to the 

sarnple size, and usually these perturbations will appear 

in plats of F/F against z/L. The pertubations are 
1 0 

expressed as: 

ôF 
F = - ( 63A) 

where w is the weight of vapor retained in the c\lumn, and 

, X.! (~) is the concentration coefficient of viscosity 
1.1 âc 

of va~or in the carrier gas. Usually, this "error is less 

than 1%, and decreases with decrease in t~e sarnple size. 

c) Column Performance 

In the text, the èolumn performanfe ,cornes expressed 

as the number of theoretical plates. A derivation of this 

concept will b~ given here, and thus justification of n as 
1 

being regarded as ~he column perfo~ance indicator. T~e 

diffusion in OTC will aiso be examined. 

The concept of column per~ormance lies in the CO~!ariSOn 
\ 

of the width of the pe~ks with their retention paramet r 

(volume, distance or"time). The pla1:-e theory described 

ln (7) will heré be given,. ;' 

1 

1 

, 1 

.' 



r 
.: 
( 

• r ~---, -

132 

c .1) Plate T heory 

Here, the column is divided in~o equilibrium zones, 

which ar"e the theoretical plates. Al though the HETP does 

not hav.e the sarne meaning as for distillation, it is 

defined in the sarne way: 

L HETP = n 
( 64A) 

v The way in which the vapor is transferred by each incremental 

ôVr will deterrnine the way by which it is distribute~ along 

the colwnn. 

Let: 

H ... HETP 

a - cross-sectional area occupied by gas-phase 

b - cro~s-sectional area occupied by liquid-phase 

a D dimensionless partition coefficient • S'p s 

at column ~emperature. 1\ 

ôV = incrementàl volume of carrier gas. 

The weight of vapor, in the gas-phase, in one ~lat~l 

i8 Hac, and its concentration ~n the stationary phase 

i5 Sc. The weight of solute in one plate, in the stationary 

phase, is thus HbSc. 50, the total weight of solute, per 

plate, will be Hc(a+Sb). The passage of ôV will remove 

from the piate the mass côV. 50, the proportion of vapor 

removed per plate (p) i8: li 

y 
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ôV 
p = H (a+Sb) (65A) 

but this doesn't take into account the vapor moved in from 

previous plates. Now, we make the assurnptions that 

initially, aIl va~or was in the first plate, and that at 

time t, n incremental ôV have eluted. By combinatorial 

analysis, the amount in plate r after n passages will he: 

n! pr (l-p) n-r 
~! (n-r) ! 

The rnass distribution of vapor runong plates, after 

the passage of noV is: 

w(n,r). n! pr(l_p)n-r 
r! (n-r) ! 

,-. 
This is a binomial distribution, and as w«c, it i~ the 

equation of the peak in the column, as a function of n and r: 

~or this type of distribution, the mean is: 

-r = np (67A) 

and the variance is: 

\ 
2 s a np(l-p) (68A) 

\ Actually, w(n,r) i. the probability of sucees., lin each 

tr1al. The width in a binomial distribution, increases as 

yn. So, taking into acdount Equations 6SA and 67A, w~ get: 

r • nl'lV 
.... 

" 
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which is the plate that bissects the area of the peak', 

Considering perfect symœtry this plate will «>e where 

c=c max As nôV=V, we get: 

- V 
r = II (a+ab) 

But rH is z, and so: 

V ... J (a+be) V
O 

R ... L (a+ba) 

(70A) 

(7IA) 

which is the sarne solution resulting ~rom DeYault Equation 

(51A), w.ith a-A and ba-DB'. As the variance ~2 increas~s 

the extent to which the distJibution spreads from the mean, 

it is an indicator of the broadening. usuall~,-p is small 

(l-p> "'1. 

""'" 
2 n6V V -s ... 

H (a+Sb) (l-p) "'H(a+b8) ... r >IIi r (72A) 

When v ... vo ' 
R 

IJ , 

s2 L(a+bS) .. L But L ... 
H (a+bS) H" H 

... n 
r 

J 

_s2 • ,n r 
(73A) 

And 

i .". , 
---\~------------_iE~.~-~=l~=A'~'-'_-" 
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( 74A) 

Usua11y, volumes or times are employed, and not distances. 

Mu1tiplying Equation (74A) by 

we get: 

So, again 

H2 (a+bs)2 

H2 (a+bs)2 

i=2H2(a+bS) 2 

-

S 2H 
2 (a + b S) 2 

r 

we get: 

v02 
R 

CI n -r 
Sv 

, 
Vo 2 = R-

2 
le Sv 

~ 

#~~, 
(75A}~~) 

!., ;-

(76A) ~ 

(77A) 

which -in fact conf\irms that n is the app:ropriate in6icator 
1 

-, 0 

for column performance. 

From the plate theory we can predict the peak shape: 

In the case where r is 50 large that : ~-O, 
r 

which seems particular1y true for OTel as n-..OO 1 the binomial! 

distribution w(n,r) will approach a Gaussian di~tribution~~4) 

.. ~. 
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50, as nt~, we get: 

w(r) ( 78A) 

-But p must be small enough 50 that r=np is finite #s n-+"". 

Here, the quantity .. l is a normalized quantity, 50 as 
s r \{2'; 

ta have the area of unity. Unnormalizing, for the concen-

tration of vapor in the gas-phase, we get: 

c(r) = w 
Sr~ 

and 

c (z) = w 

-(r-r)2 
exp --~~2----' in 

2s r 

- 2 - (z-z) 

25 2 
z 

in 

( 79A) 

(80A), 

\\ 

Because of synunetJ:y of the peak, we can tUfn this immediately\ 

into volume units: \ 

\ 
_1 2 

c (v) w -(v-v) , ln mass (SIA) • exp (volume) 
,v~ 

- 2 
, 2sv 

- l we saw that c·c occurred at r-r. So c • 
max ' 1\ max - SvV21T ' 

as~uming w-l. But s; is proportional to V O::quation 72A), • 

and thus: 

1 
a: 

'-z 

f 

(82A~: 



P"'t - .... '----'r----..·,........ ....... ·----- -~---___r_--- ---

\ ' 137 

1 
and the assurnption we made before is now justified. 

c.2} Broadening Factors and Column Variables 

(a), Here, the ideal colUmn will be taken as 

standard. The ideal column resolves in infinitesimal time, 

\. 

o . 

two vapors of relative -re~entions (i.e., K,/K.) infinitesimally 
T • 1. J 

: \ . , 

Ct 

1 _ ~ 

close to unit y, with a perfect' resolution. It is obvious 
- , ' \ 

'that re~l colum~~ differ from the ideal column, as the 

zones of vapor will bro~den during elution. The broadening 
. 

factors add independent variances to an instantaneously 

introduced zone of sample, and they may be combined by the 

rule that applies in the addition of effects bf independent 

sources of random error, (7) upono a. distribution, 

s2 = 1: s~. This approach fails wheI} f~ctors total i 1. ., 

i. e., 

are 

'\ interdependent, but on OTC, with linear isotherms, there 

are no such factors. Q 

From Equation (7IA), it follows that:~ 

~ 
sv· (a+bB) s 

\ z 
1 o 

Equation (25A) may be written 
\ 1 
'., 
\ 

. \ 
1 

as: 

But we saw that F.ojmF, where F is the volumetrie 

flow rate correct~d ,for the pressurè gradient, 'but not 
-""" 1 \ 

acc9unting measurements fram a bubble flowme~ei. So, 

, 4' 

\ 
\ --.. ' . 

. 1; J • 

(83A) 

( 84A) 

--

~':) . . 
- , 
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Equation ( 84A) 
, . 

writt'en 
~ 

~s as: 

i t F = 
R 

L(a+bS) (8SA) 

and 

FSt 
.. (a+bS) s = s (8GA) z v 

Now, a+bS=a(l+bs)=a(l+B/y), fram Equation 20 of the text. a , 

But we also saw that 43/Y=K (Equation 21 of text), 'and 50: 

Fs = a(l+k)s =üa5 t t z' 

From here, the following relation holds: 

Bat H = L =: 
n --z 52 is proportional to H, and this z 

(87A) 

1 

(88A) 

signifies that each broadening effect add~ 50mething to 

HETP. Usually, the broadening of a peak is measured by the 
, 

standard('deviation s, rather th an by 52. As 1:
i

6.> 0: s~)!, 
1c. i ~ " 

the broadening produced by several factors together will be 

~ss th an the sum of the broadenings produced by each factor. 

Then, the factor th~t gives the largest irldividual broadening 

shpuld be consid~éd as the most important, and this is 

a very significant conclusion. 

The different kinds of diffusion taken plaoe in OTe, -~ 

• each one/côntributing to the total variance, are DOW going 

J to be seen in detail. 

.. 
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br Longitudinal Diffusion in the Gas-Phase 

?', 
From F1Ck's second law of diffus~on, we get the 

partitular solution given by: 

m _L 2 

C • exp 
2 V TrDt 

( -) 
4Dt 

1 

with a variance of: 

S '" t 
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(89A) 

(90A) 

(9IA) 

If we calI i a length coordinatè, with a zero value at the 

peak maxima, then the elution of the vapor will not affect 

the diffusi?n, at these particular values of ~. 

From Fick's second law, we have: 

. 2 
Dac 
g~ 

, .. 

Wi~h an initial input distribution as a ~ function, we have: 

. . c (t ,t) '" 



( 

III 

1 

+40 

< , 

c(t,t) is then a Gaussian. functi?n of' t, with mean at t;O 

and s~=si=2 Dgt. The effect of longitudinal diffusion on 

the stationary phase, accounted fQr in a similar expression, 

is certainly negligible, as typical values of Dt are about 

four orders of magnitude Iowe. than typical val~es of Dg' 

But we saw that s;/z is proportional to HETP, and 

using now Equation 88A, w~ get: 

2 D t 

=-d-= z = 2 Dg _ ( 94A) 
o 

'u 

So, 

= 2 Q9: (95A) -u 

and this is the first term in Golay Equation. Changing to 

volume units, we have: 

1 2 .Dga (~+b8~V V 
s 2 '\. - = Et?- ( l +K ) 2 D v F gF (96A) 

This type of broadening is symmetrical, sa that the 
/ 

retention parameters are not affected, as lo~g.as measure-

ments are taken a~ !=O, i.e., at the peak maxima • 

• 1 

! 

/ 

/ 
/ 

. , . 

f 
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c)' Non-i?stantaneous ~guilibration of Vapor 
. ' . / 

c.1) In ideal/cnrOmatography, the parti tio!} èO-
/' 

efficient is a constant, only dependent on ,tempera ture, . -
and -the diE?triputio,ns in each phase are similar in shape, 

, 
and are not functions of time. In non-ideal 1inear Ge, 

the partition doefficient is not constant. l In the front . , 
profile, i.e., the one thau first meets t~e stationary p~~/' 

g/c<S/, i.e., c>c 'li"b" • This imp1ies that undissolved 
equ~ r1UIn 

vapor in th~ gas-phase move's further along than i t would 

in the ideal case'. At the rear profile, q/c> S 1, and vapo,f 
-~ . 

remains 'in the stationary phase more than idea11y. •. 

This deviation may be described by imputing·a pertur-

bation on the isotherm, so that the isotherm equation 

becomes: 
, v .' , 

q = B'cfCt), where fCt)+l as t~œ (97A) 

The qbantitative treatment will depend on f(t) • Assuming: 

1 

f(t) - l+k'e-k"t 
- ) 

(98A) , 

we have: 

1 • 

q = arc [1+k1eXP(-kOt)l (99A) 

/ and: 

* k (a'c-q) ! (lOOA) 
, # ' 

1 
• 

------'-----~~ - --·--c --,---
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This is equivalent to a firpt-order re~etion b~~w~en pha~es, 
~ * with' a rate constant of k . 

\ The boundary conditions are: 

'- ' 

" 

q (0, z) = 0 ! 
1 

and 

e ( V, 0) ... ô (V) 

Reca11ing Equation (46A) (D~Vault Equation), the 

solution becomes: (7) 

e,(V,z) 
* = k (DS 1 z)! Il F V-Az [2 } [b a ' z (V - Az ll~ . 

(lOIA) 

(l02A) 

. ,exp [-. ~. (Il B 'i - Az + V~ (lO~l 

negl~cting entry effeFts (i.e., a term containin~ ôV). 
,d 

u 

q (V, ;1:) 

-
exp [-

* k 
F (D a 'z - Az + v l] (104A) 

/ 

Il and I~ ar~ the jBèssel< functions of firsb and zero 

d f h " , . (35)' Wh th' t or er 0 t e 1.mag1.nary argumem: 1.Z . en 1.S argumen 

is large, i. e. , for z>IO, we have: 

l (z) '\1 
eXE (z) 

n ' 
1 (2'/1'z) ! 

"" 1 _ 

(105A) 

~ 

j , 

/( 
1 

l' 
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So, Equa tion ( 10 3A) ~ecomes-: 

* -k 
p-

· (D6 'z - V-Az) 2] (106A) 

: apply this expression to the actual Chromatogr)~'"':"'" 
f 

that for z=b, we hav~ V=V~ (corrected retention 

volum This ,gives: 

*! 
9, (V), '" k,. 

1 (41TF)! 

* k 
F 

(107A) 

Assuming the ef~ective total width only a srnall 

fraction of its retention, which may be ,not true for the 

o early peaks, we have VR»V, and the ,following general 

1 relation holds: 

/ : ' 

({X, - ~,X+AX) 2 l' (AX) 2 
1 1 4X. 

(lOBA) 

jhen l Eguation (107A) will result in: 

*~ , -k * (Vo-V) 2 
~_k_2 _' ---:"'1"" exp[ - R ) 

[41TF (V~-VM )Ji 4_F (Y~-VM) 
c (V) '" (109A) 

" 
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But tbis,1s the ~pression "for a 
\ 

1 
1 

GaussJan cur'Ve, 
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Il 

with 

"> .. ~ \î' 2F.(V -VM> , 

" 

and 

.' 

s~ = ,v 

1 

'lo 1 

1 1 

C = VO 
R 

k\ 
\ 

\ 

(llOA) 

~ 

(lllA) 

50, the conclus,ioh 'to 1s that the result of a finite 
, 

rate of rnass-transfer the ô funct'ion input . , 
; 

distributirn, irlt~ an imat~ly ~aussi~n distribution, 

but with the same"mean as b .' 

, \' 

~onverting - s; in'to '-dl st nc~ uni ts! we have: 

-2 2Kuz 
s = 

z (l+K) 2k* , -

where K is the capacity ratio of tht eolumn. 
1 
1 

(ll2A) 

The followïng step is to dete:t:mine k"', 
1 . 

as slow diffusion 
JIIJJ. 

may take place in both phases,'with different values for k*. , l ' 

"'" 
, 1 

c.2) Slow Diffusion of ja.por in the Stationary fhase 

Beca~se ,of a certain -reStstance to, mass transfer- upon 
, " 

dif~usion of ,the vapor '50lu.te/.~o and _ f~om the ~nterface,. 

'only at the ~ce holds the-·rel·a~ion q=13 'c. In the 
l ' . 

stationary-phase, at the fro~t profile" q~e'c, while at 
, 1 

the rear profile the reverfsercc,urso From the anal~gy, 

·1 

l' 
1 

, " 
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, , 

it is obvious that the e"ffect if slow diffusion in the 

stationa4y-phase is equiv~lent \tO a first-order reaction 

(at the ~n~erface), and thus Eq~ation lOOA applieso The 

rate constant k* is proportionat to the 'area', the '~i'~fusiVity, 
l, 

and' inversely proportional to th'è film thickness (df>'J The 

larger the volume of~stationary-phase per unit length of, 
Il' 

cblumn (i.e., the terIn b defined 1\'in pg. 132, part c.l, which 

is r,el,ated to D by ~bPs)' the mC;;\fe vapor must diffuse to 

increase the average conoentration by a given amount, and '. ' 

so k* is also inversely proporti(~>Il,al to b. 

/ - 1 

* Area .. DR. Area DR,P s ,k \~ dfb = IdfD 
"'-,., 

The p~oportionality constant is obtained if 

by ~n even layer of dfo 

and 

The 

V (r
c 
-d

f
> 2 

~ -
2 2 V r - (r -d ) ~ c . c f 

df = b 

1 

constant 0 proportionality is 

So, we have: 

1T
2 

k* = '4 

'" 
r 

c = 2df 

1T.2/4 .. (36,> 

-, 

1 
J 

(113A) 

k* is determined 
fi 

(114A) 

'1 

( 116A) 

<1 
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USiïg Equation (llOA), we get: 

(117A) 

(118A) . 

c. 3,), Slow Diffusion of Vapor ih the Gas-,phase 
, , 

Here, the prob1em is more complicated, as~~ad~~tibn 

to the lateral diffusion, gas streans in di'fferent parts of 

the cross-section move at different speeds,'due t the 

ve10city gradient. For OTC, this study may be characterized .. 
in 3 ways: 

1 

[ Il 

'(a) Dispersion without Liquid~Phase 

This was studied by Taylor (37), in cy1indrica1 

tubes. The distortion of the initiaIIY';'planar f10w profile 

(at ttre ze~o) intoa parabolic one, will produce a very 

large/variance i~ an initially compact distribution (aVeragJd 

,"t.hro~gh; th~ tube cross-Jectionr. Tbis dispersion is 
~ 1 • 

counteract.ed by lateral diffusi.on, by which regions of 

greater vapor concentration in the front prQfile, will 
~ 

d~ffuse'to the'edges, While,the reverse o?curjat th~ rear 

pr9file~' I~e rate af laterai diffus-ion (independentIy 

of longitud!ru/l diffusion) is fast, as comp~red to the gas 

\ 

,j 
1 



" 

, flow, then,: 
1 

2-
2 reuZ. 

s = 
z 24 Dg 

~ 

1 

(b) Dispersion with Liquid-Ph~se 
... 

Mass-Transfer 

. , 
.Fol1pwing Go1ay, (1) we have: 

1+6K~lîK2 r 2ü 
s2 = 

,e Z 

Z (1+K)2 24-- D -
g' 

" . \ 
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-(119A) 

\ 

Instantaneous 

, 

1 

(120A) 

, 
and we see that an extra terrn, :whieh is function o~ the .' 
eapaeity ratio K, appears in comparison with Equation (119A). 

For K=O, a 2 is a minimum, and thus, the presenèe pf the 
~ 

stationary phase inekeases the. variance 
y 1 

due lto ViSCOu~,flOW. 

1 

(c) ~~persion with Liquid-Phase and Non-instant neous 

Mass-transfer 

'Again Go+ay(l) wor~ed out this phenomena, and the 

exp~ession ~or. the, :variance .;is: 

-
o Now, 

, . 
we recall 

2 

2-r uz c-. -:r-
~: DR, 
, 

Eq;uation 

-
(37) , 

K uz s2._ d
2 

z 3. ( Ki-l) ~ f DR, 

an~ we get: 

, 

1 
\ ' 

\ . \ 

(122A) 

,1 

~I 

" 
\ 
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14~ 

This equation i8 the sarne as Equation (118A), excep~ for 

2 the constant 3. 
I~ , 

/ 
(d) Comparison of Magnit~des of the Variances in OTe , 1; <;' 

Dividin4 Equations (l2l~) and (lfOA), 'we get: 

2 
8(z)gas 

2 s, 
(z) liq 

D' 
R-

D 
g' 

\1 

(l23A) 

/ 

~ 

wi th OTC', K usually is sma;t.l, frequently of order one. With 
,!' 1 

Othis, '-we -get:-

( . 
~(z)gas 

2 
s(z)liq 

Working with usual Folutes and p~as~s, 
'r 

while (~)-2 is of approximately the 
d f 

.-" 2 
s (z)gas 

2 
8 (i),lig. 

) 
IV order l 

(124A) -
/ . 

I}-

-! is of order io-S, 
Dg 

same order'. So: 

(1'25À) 

For the peaks witn large values of the capaci ty ratio ,CK), - \ 

• 
s2 > ~2, 

(z)gas (z)liq. 

, . h 1 1 f ,'il 1 f -W1t rery ow va ues or K or W1~u arge va ues or u, 

the,peaks become asymmetrical, with sharp front pcof!les. 

, Il 

1 
] 
,) 
J • 
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l 

This is usually what hapJ;'ens with OTC, and may be readily 
1 

seen by Equation' (118A) • ! ' 
r ' 

t 

~ .. 
\ (e) Golay Equation 

If we assume ~~e principle for summing variances, \ 
l ,-

wh~ch is applicable to OTC, (7) then we may sum the 

variancè qiven by.Equat~ons 94A, 120A, 121~, and we qet: 
\ 

= ~ + 1 +6K +11K2 
u 24(1+K)2 

which is the Gol.ay. Equation. (1) 

- 2 ur: z 
c . -

Dg 

, / 
P, 

But HETP 

HETP 
- 2 ur 

CI 
0-

\ 

o 
'g 

2 
s (z) 

= \z 

(126A) 

and flO: 

. (127A) 

This equation neglects the resistance to mass-transfer at 

the !nterface, which was treated by Giddings. (12) 

;> \ 

- " 

(f) Variance Contribution due to the Input 'Distribution 

of Vapor 

It was se en that the zo~ of vapor occupies a 

finite volume, at least equal to the vOlum~ of the pure \ 

~ 

\ 

... 
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, C 

(\ 

. \ ~ Il 

vapor, at the pressure Pi' "but usuall~ greater, because of 

dilution with the carr~er gas. 
" 2 n • - 2 

Let sr be .. ~he va~ian~e of the input-: ... distribution, Sc 
-

-be the variance due to the colurnn. Then, the variance of 
y - -

the peak, produced by the column,upon the input distribution 

--
.. 

is: 
(Vo) 2 '2 .. s2 li' 2 2 + R ( l28A) St Sc = sI l n 

from Equation (77A). 

* In practice, a plate number (n ) resulting from the 

combination column-input distrrbution is rneasured~ 

and so: 

* n .. 

* n 

< n l,' j 
\' 

. ' 

(l29A) 

(l30A) 

Equation (l30A) shows- the effect of the input distribution 
" 

on the performance. 

1 

and so: 

From it, we get: 

,n 

o 1\ 

'\ 

i 
, , 

(l31A) 

/ 
" 

/ 

j 

j 
.' , 
~ 
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, 
~tF [n = 
VO 

R 

We see f rom Equa t i on 
1 

It is seen that· if 

\., 

-- - \ 
( 

(SI) 2 1] 
, 

+ 
V

O 
R 

"" 

..JJ 

(132A) that: 

= 0.2 s 
c 
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(132A) 

J,. 

the effect of-the inpût distribution on the colurnn performance 

is negligible. 

v plug 

For plug flow, Vp1ug • 3 sI' and 

< 'ù 

VO 
R 

0.6 \r:
. Vn 

r 

so: 

(133A) 

/ 

, 
• 
~ 

j 
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1 
APPENDIX 

CHAPTER 2 

Experimental Results in uncoated Columns 

4.1 Introduction 

With columns that are not coa~ed wi th the stationary-

phase, the peaks obtained are representative of inert peaks. 

The gaseous solute was propylene-or CH4 , due to the, great 
c 

response of the FID to smal1 amounts of these compounds 

and due to their availabi1ity from previous experiments. 

In this chapter, studies are pres~nted concerning the 
/~ 

reproducibility of the retentjqn times of linearity of the 

detector, and the uniformity of diameter from tube to tube. 

~ ------ - ,;/ 

4.2 Reprodùcibi1ity of the Retention T~es 

Column characteristics: L ~ 1180 cm 

d = 0.022 cm c 
For CH4 injecti6n, a s~p1e size of 15 ~l was chosen, 

with splitting ratio of-l:190, which provides ~ 0.08 ~l 

(NTP) through the co1umn. For t~e seven injections made, 

the retention times ark shown in Table lA. 

This rgives a mean retention time of t = 45.7 s, m 

'\ 
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TABLE lA 

"Air Peak Il Times for CH 4 on Uncoated Coltwnn 

Î 

r- ~J 



f'-l' 

\ 

) 

1 
1 

, 

. .. 

Injection no. 1 

45.8 

( 

Table lA 

2 3 5 6 7 

45.8 45.7 45.6 45.5 45.6 45.6 

l ' .. 

1 \ -. 1 

- ~ 

f 
! 
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. 
with the standard deviatièn of the mean = 0.27 per cent. 

The mean flow rate is ~ 0.6 ml/min. 

For propylene injection, a sample size of 10 ~l was . 
~hosen, with the same sp1itting :x:-atlo of 1:190, which 

corresponds to ~ 0.05 ~l through,the column. For the 25 

injections made, the retention times are àhown in Table 2A. 

This gives a mean retention time of t = 45.4 s, with the m 
standard deviation of the mean = 0~18 per cent. The mean 

flow rate is ~ 0.6 m1/mirl. 

Conclusion: The retention times are reproducible .to 

within one per cent. 
(~ 

4.3 Study of f10w rate and pressure drop on uncoated bundle 

BunÇile characteristics - Number of co1umns = 5 
J -_/~ 

dc = O.0224.cm 

L ~ 190 cm 

It was mentioned before, that oJe "t!ay of testing the' 

uniformity of the mean diamet~r from tube to tube in a 
-, 

bund1e, is by C,h'eCking the f10w rate throurh the var~ous 

co1umns
r 

for a certain pressure differentia1 -along them. 
1 

Equations (11, 12, 13, 14,_ 15) are used here, and ·the~ 

results are p10tted graphica11y. Measurements were 

takèn both with the make-up line connected and disconnected, 

b~t in the firs~ case, the pressure at the outside of the 
; 1 1 

column is not~~nown, and is certainly greater than the' 

~-----------------

J 
l' , . 
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TABLE 2A 

/ 
r 

"Air Peak" Times for Propy1ene on Uncoated Co1umn 

1 Il 

\ 

• 

~ 
~ 

~ 
~ 

~ 

" ! 

"- i 
$) 

f'~ 

r 
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\ 
Table 2A 

.p 

Injection no. 1 21 3 4 5 "",~6 
~ 

1 

tm (s), 45.2 45.4 45.4 , 45.3 45.5 45.3. 
<!il .. 

Injection no. ,7 8 9 10 Il 12 

tm (s) 45.4 
/ 

45.4 45.5 45.4 4'5.4 45.4 

Injection no. 13 14 15 16 17/ 18 

'" tm (s) 45.4 45.4 4~.5 45.5 45.5 45.5 

j1 

Injection no. 19 20 21 22 23 - 2"4 

tm (s) 45.5 45.5 45.5 45.5 45.5 45.5 

Injection no. 25 

45.5 

, \ 

/ 

1 

/ 
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atmospheric pr,essure, although probably close to ii:. 
,/ 1 

a. Study of Flow Rate through the columns 
o Here, "the outlet of the columns was connected directly 

to a bubble flowmeter, and the outlet pressure is assumed 

~o be ~ 1 atm. Experiments were conducted with 5, 4, 3, 

2 and 1 cOlumns, and the flow rates were rneasured. TWo-

corrections must be applied in order to obtain the mean 

flow rates, but we are interested in the relative effect, 

and ~s the sarne corrections would be applied lin âll cases 

of this experiment, they were not done. In Fig. 2~ are 

shown the results obtained with the make-up disconnected. 

The pressure at the eecond stage of the tank was set at 

~o psig. 

The relation between the total"flow rate and the 

number of columns is s~en '~ be nearly linear. The total 

pressure drop, which is fixe~ can be divided into the 

pressure drop across the eolurnn a d the pressure drop in 

the other flow passages both upstre and downstream from 

the column. As the total flow 'rate inc asea, the 

pressure drop in the'other'flow'passages in reases and, as 

the total' is-fixed, the pressure drop across t e column 
, ' 

must decrease., The deviation ,from lineatity in :r' ure 2A 

is attributed to this effect. 
\ 

This type of test doe not 

app~ar to be a good substitute for t~ more laborious 

~I 
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,'C 
testing of one tube at a time. 

\ 
~ 

b. Stu~y of Pressure ~oss in the Columns 

A study ~f the pressure 10ss on the columns was also 

made, with the make-up connected, i.e., qnder normal 

oper~tion cirqumstahces, and it was assumed that the 

pressure at the.outlet of the columns is unknown, but the 

sarne through aIl exper'irnents, i. e., independent of the 

number of columns tested. Further, due to the design of 
, 

the connec~ions between the column aid detector and between" 

the make~up line and the column, it may be assumed with 

little, error that this pressure is approximatély 1 atm. 

Il If the ,tubes' aIl had the sarne 'diameters, the value 

of B , from Equation 12, would-be a constant and the right 
0, 

hand side ~,f Equation 11 would be a conf.t~nt times' L2/tm. 

If Po is constant, the left hand side of Equation 11 is a 

function of P .• . Eq~ation 11 was solved for p. and the 1 -~ , ~ { 

results are shown in Table 3A. Figure 3A iS'a gra'ph of 
{ 

I1P as a function 
./ . 

of N and F~gure 4A' is a graph of Ftotal 
function of N. ~ as a 

Again, the graph inlFig~e 4A âs seen to be 

approximately linear. The departure from linearity is \ 

evidently due to the fact, shawn in Figure 3A, that the 

pressure drop was not constant. This-may also be due to' 

an increase in pressure drop el~ewhere in the f1owlpath. , 

li 
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FIGURE 2A 

.' 

Total Flow Rate in Uncoated Columns in parallel 
1 

(Make-Up Line Disconnected) 
, " 

i 

FIGURE 3A 

... 

Pressure Loss in Uncoated Columns in parallel 

(Make-Up Line Cônnected) 
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TABLE 3A 

• 
Experimen~al\Results on Flow and Pressure LO~S Ithrough 

a P~rallel Arrangement of Uncoated Columns 

( , II 

- \. ~. 

1 

.. 

1 
1 ~I 
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r 
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In' any casé, this is not a s.ati~faetory test procedure unless 4 

the pr~ssure dro,p adross the èo1umn can be h,e~d ~èonstant. 

4.4 study of Peak Broadening in a Column 

The small differences in 'diameter that exist in the 
, li 

different eolumns of a bundle, affect not only the retentio~ 

times for the inert peaks in the individual column~1 but 

a~so the broadèning of the peaks. In the case of uneoated 
-

colUmns, this is due to the longitudinal diffusion ~n the 
" ' 

'gas-phase. figure 5A is a plqt of wh vs.' N, ,and it may be . , 

seen that the width increases as the number of colurnns . \ 

decreases. This is due to the increase in the ratio olf \ 
\ 

de ad volume to the volumetrie f10w ratk. Changing the 

connections for the sin~le column, minimizing its volume, , 

produced point A in- the graphe It must be kept in mind 

that if the connections' dead-volumes are minimized for a 
\ 

certain N, then \they are' no longer minimized aS N decreases. 

50, referrinq to Chapters 2 and 4 of ,he text, the main 

contributions to,! peak spreading are from end affects" 

i.e., from the dead volumes of the >detector, inject~on port, . /' 

and connec'tions. 

4.5 Linearity of the fIO with t~e sample sizes used 
1 ~ 

Using Equation 42, and propylene as the gaseous solute, 

'in Talle 4A' are the values of the l.aximum .ample ~ize B* .. 

/ 
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t 

CUl at operating T and P) ~ for the various number of columns, 

and for ~ = 0 (nonabsorbed component). 

Experim~nts were conducted with l, 2 and 3 cOlumns, and 

the injections ~rough them were respectively of 0.007 ~l, 
~ 

0.015 ~l and 0.022 ~l, ta king into account the splitting 
- ; 

ratio calculated upon the flow rates through columns and 

through vent. The peak areas were measured, and Fig. 6A 

is a plot of these results. 

/.'" 
We see that the FID ~esponds linearly, at Ieast if 

we keep the sample size below the value given by B*. It 

is aiso seen that the sample size may be chosen to increase 

prop~tionally with the number of columns. This was the 

proced~re followed throughout this project. 

{ 
.. . 

, . 

" 
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~ . FIGURE 4A , 

, 
, Total Flow Rate in Uncoated Co1umns in Paral1e1 

r (Make-Up Line Connected) 
~, 

" 

FIGURE SA 

-~~~ 
Variation of Peak Width at/Half-Height in Uncoated 

Columns in parallel 

\ 
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TABLE 4A 

Theoreti6a1 Maximum Sample Size 

Acco~ding to Keulemans 

" 

, 
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TABLE 4A 

~~~------------------------
N, 

5 

4 

3 

2 

1 

* B (1l1) 

0.1 

0.08 

0.06 

0.04 

0.02 

~ 
~~~--

1 ~ 

, Il 
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FIGURE GA 

Variation of Peak Area w~th Samp1e Size, 

for ~oated Co1urnns 
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APPENDIX 
1 ~ , 

CHAPTER 3 

Coatecl OTC Bundles Prepared using the Static Coating Technique 

Table SA shows the bundle charaàteristics, as weIl as 

;he results obtained- for the case of 5 colurnns, whe1e only 

one peak developed, i.e., the peaks coming out from 

individual colurnns overlapped,-f~rrning a sing~e peak. 
, 1 

The experiment was started with the 9 columns and the 

sample size was kept proportiohal with the number 0; OTC in 

the bundle. The colurnns were rernoved (by breaking thern) 

one by one from thJ bundle until only one of thern remained. 

Table 6A shows the results obtained, and IWhen more than one , , 

< 

peak emerged (from n~heptane injections), wh is not shown. 

Sorne pe~ks could be easily identified by their retention 

tirnes relative to an inert (CH 4) "and an analysis was made 

on the distrlbution of the retention times for n-heptane, 

on this particular bundle. ! 
Again, we can see an increase)in Wh as I the numtrer of ..' , T;his :Ls due to the important role o'f 

. 
columns decreases. 

longitudinal diffusion in the gas-phase.in the dead"volume 

of the connections bundle-GC apparatus as the total flow 

diminishes. Figure 7A shows the retention tirnes 

, 

j 

1 

l 
1 

j j 

1 
! 
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TABLE SA . 

Experimental Results for Coated Bundle, by Static 

Coating Technique (9 Columns)' 



. .. 

1 

\ .. 

J. 

Number of columns * (N' 

,L (cm) 

de (11) 

e (% vol) 
s 

P (atm) 
o 

t (s) 
,m 

t (s) 
r 

K 

- ,-
F (ml/min) : N 

, .... 

5 

"'340 

"'196 

2 

'V1 

3 

'VI 

4.56 
Il 

37.98 

7.3 

'V12.4 

1.35 

* IhitiallY, the bundle had 9 co1umns, but the resu1ts 

shawn on Table SA are for the case of S eo1umns, beca~se 
" 

here on1y one peak appearèd. 

1 .. 

"' 
" 

" 

.;: 

1 

1 
l . 
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TABLE 6A 

} Experimental Results on Coated Bundle, by SfatLc 

, Coating Technique (Normalized Data) 

" 

) 
• 

) 

1 

Iii 

_ r r 
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Table 6A 

/ 
• 

'-IN 9 8 7 6 5 4 3 2 ",1 
(just n-heptane) 

. 

À ,/\ -/\ !\ !\ (\ 1\ A Schemat~fonn !\ of J::e " 

kL 6.50 6.33 _ 8.52 8.25 8.33 7.38 7.32 7.27 6.94 
~ 1 

1 

"~ 
\ 8.17 8.04 1.0 .15 9.87 8.11 9.34 -1 

k3 9.82 9.75 9.37 

wh (an) 2.10 3.50 6.40 

hl (an) 4.00 3.72 8..36 17.45 l3.40 4.35 10.83 11. 7 8.00 

, ~ (cm) 11.26 \80 7.25 14.28 9.98 11.40 

h3 (cm) \ 8.02 8.34 8.73 -
bl (cm) 0.94 0.76 3.85 . 3.35 04.23 1. 75 3.80 6.87 12.90 

'1 

b2 (cm), 3.38 3.30 3.34 2.74 4.18 4.00 
( 

b3 (an) 2.41 2.33 _::;'66 _ 

N::>te: subscripts (1,2,3) refer to ~ fir~, secol and third peaks 1 an::1 
1 

Il' 

-bi is an appraximate neasurement of the base width. 
, 
1 

S 
~ 

Il \ 

,,1 
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FlGURE 7A 

Variation of Capacity Ratio with Number of 

Coated Co1umns in Para1lel (Static Çbating'Method) 
( 

/ 

o 
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l. 

, 
( ~ .. 
nor.mal~z~d) as related 'to the number of columns, and those 

\ 
that seem \elo~e enough to be produeed by a single eolumn 

are represented by the sarne symbole The mean values for 

K. are also shown. 
~ 

The strong lines are the rnean values for K., while the 
{" ~ 

dashed lines are correspondent to the peaks that are 

assurned to be pl;'esent,., but hidden by the other peaks. The 

numbers in cireles, i. e., @," represent the' nwnber of 

columns that are assumed to eontribute to the peak that has 

the respective value of K. mean. Th~ distribution obtained, 
~ ~ 

normali'zed to the peak that is assumed to be present over 

aIl runs, i. e., the peak from column l, whieh has K. mean 
~ 

= 13.7 is shown in Figure BA. Here, N* is the number of 

columns in the bundle that eontributes to the pa1tie'J,lar 

value of K./7.13~ ~ 
~ 
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FIGURE SA 

Number of Columns that contribute to a Speoifie 

Norma1ized Capacity Ratio, for Coated Go1umns in 

Para11el (Statie Coating Method) 
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