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PREFACE 

During the past eight years, gas chromatography has come into 

its own as a fundamental technique for analyzing vapor and liquid 

mixtures. In 1959 over 1000 technical papers were written on gas 

chromatography and its applications. It has rapidly become a basic 

analytical tool, almost as common and as simple as titration. 

A method utilizing gas chromatography in the analysis of sam

ples from a high pressure equilibrium cell is presented in this 

thesis. In conducting these experiments, the factors affecting the 

reproducibility and accuracy of the results were noted and analyzed. 

Data were taken to help develop theoretical correlations of some 

of the parameters of chromatography. 

I would like to express my gratitude to Dr. R. N. Maddox and 

members of the Chemical Engineering Staff who aided in my workwith 

their helpful suggestions, and particularly I appreciate the advice 

and guidance given by Dr. J.M. Marchello. 

I wish to thank the Dow Chemical Company for a Fellowship 

which made this work possible. 

I am indebted to my wife, Virginia, for her encouragement and 

continued interest in my graduate studies. 
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CHAPTER I 

l!NTRODUCTION 

In the Spring of 1959 the School of Chemical Engineering at 

Oklahoma State University , with the purchase of precision high pres-

sure equilibrium apparatus , initiated a long range study of the 

thermodynamic properties of vapors and liquids. This equipment had 

three main functions: the control and measurement of temperature , 

the control and measurement of pressure , and the intimate mixing of 

the vapor and liquid in the equilibrium cell. One major step was 

still needed. This was the quantitative analysis of samples taken 

from the equilibrium cell. 

After careful consideration of the various methods of analysis, 

Professor Wayne C. Edmister , the director of the high pressurework, 

1 decided to use gas chromatography . His decision was based on the 

availability and cost of the equipment a nd on the expected accuracy 

of the chromatograph . 

Objectives 

The work of this thesis was to be generally d i rected towarda 

method of analysis for the high pressure equilibrium samples. The 

following objectives were set up: 

1 . Assembly and construction of the necessary gas chromato-

graphy equipment . 

1 The term "chromatography, 11 in keeping with common practice, will 
be used interchangeably with "gas chromatography." 

1 



2. Development of a high pressure gas and liquid sampling 

system. 

3. Determination of the accuracy of gas chromatography. 

4. Development of theoretical correlations to aid in the use 

of chromatographic columns. 

Basic Principles of Gas Ch:i-omatography 

2 

An overly simplified picture of gas chromatography may be ex

plained as follows . Take a length of pipe and fill it with loose 

gravel which has a thin coat of some type of oil on it. Place the 

pipe in a vertical position and pour a mixture of two liquids (ace

tone and alcohol 9 for example) into the pipe. As gravity pulls the 

mixture through the pipe ~ the two liquids begin to separate. If con

ditions are right when the liquids reach the bottom of the pipe, 

first one component will flow out and then the other. In practice, 

the pipe is usually replaced by a length of metal tubing and the 

gravel by a quantity of crushed fire brick. The fire brick is coated 

with a thin layer of some oil or a high boiling-point liquid. A 

constant flow of some inert gas is kept moving through the column in 

place of using gravity to move the sample through the column. 

Usually the unit is placed in a constant temperature bath in order 

to obtain greater accuracy and reproducibility. 

Once a sample has been injected onto the top of the column the 

inert gas carries the components through the column. A small syr

inge is used to inject the samples. As the sample moves through the 

column the various components are separated from each other. The 

separated components emerge from the column and pass through a de

tector which is part of a balanced electrical bridge system. The 



detector used is a thermal conductivity cell. The presence and 

amount of e a ch component is indicated by the d egree of unbalance of 

the bridge system. The bridge system is commonly connected to a strip 

recorder upon which the unbalance of the bridge is recorded as a 

peaked curve. (Figure 1) The time required for a given component 

to elute from the column is a characteristic of the component which 

permits its identification . 

The quantity of a given component in a s ample can be directly 

related to the height of its unbalance voltage curve or to the area 

under this curve . The area under t h e curve is most often used to 

determine the amount of a component present since it is less depen

dent upon injection r a te than is peak height . 

Components are separated on a chromatograph because of dif

ferences in their partition functions. Partition functions indicate 

the length of time a given component will spend in the carrier gas 

phase and how long it will reside in the liquid coating phase. 

Mixture separation in a column is dependent , in part, upon col

umn temperature , flow rate of carrier gas, length of column , ratio 

of inert solid to liquid phase , size of the sample used , type of 

liquid phase used , column operating pressure , and the vapor pressure 

of the components in the mixture to be separated. To simplify re

peated analysis and to assure reproducibility , as many of these vari

ables as possible are held constant . In this manner , fairly exact 

relationships can be determined for the length of time (retention 

time) that a given component takes to elute from the column. Con

versely, retention time may be used to calculate approximate vapor 

pressures which aid in i dentification of unknown components . 
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For the most part~ in chromatographic analysis the components 

are known, but the amount of each component in the mixture is not 

known. When an analysis is made by a gas chromatograph with a strip 

recorder attached, the component emerging from the column will pro

duce a curve of the type shown in Figure 1. The amount of a given 

component in a mixture is quite. often related to the area under the 

voltage-time curve. To calibrate the unit for a given component~ 

varying sizes of samples of that component are run through the 

machine. In this manner a relationship~ usually in the form of a 

plot, is obtained for the variation of characteristic area with 

sample size. As long as the conditions under which the chromato

graph is operating remain the same, the amount of the known compo

nent in a mi~ture can be found by comparing the area under itscurve 

with the correla.tion of sample size and area. 



CHAPTER II 

SURVEY OF GAS ·· CHROMATOGRAPHY LITERATURE 

Chromatography, in many different forms, has been known for 

years. Gas chromatography , so- called because a gas is used to 

elute the sample from the column , was first set forth as a possi-

bility by Martin and Synge (25) in an article in 1942. The paper 

was concerned with the separation of liquid mixtures and the fol-

lowing classical statement was made . 

"The mobile phase need not be a liquid but may be a 
vapour . --- Very refined separations of volatile sub
stances should therefore be possible in a column in 
which permanent gas is made to flow over gel impreg
nated with a non-volatile solvent in which the sub
stances to be separated approximately obey Raoul t I s Law . 11 

The first actual experimental work reported using a liquid 

film on the inert column packing was by James and Martin (17) in 

1952 . Since then , many thousand articles have been written about 

gas chromatography . The wide acceptance and rapi d development of 

gas chromatography is due primarily to the fact that it is a rela-

tively simple , e f ficient method for the separation and analysis of 

gas and liquid samples . 

By 1958, gas chromatography had grown so rapidly that a "Jour-

nal of Chromatography" was initiated and published six times yearly . 

Because of the increasing number of a rticles being written , the · 

Journal was made a monthly publication in 1959. Recently a number 

of excellent books on gas chromatography have become available (20, 

6 
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27, 28) which present the fundamentals of operation , theory, and ap

plication of gas chromatography . 

The Bureau of Mines has published two fairly comprehensive 

bibliographies of Gas Chromatography. The first, in 1956 (19) was 

a series of over 140 abstracts on the subject . The second (33), 

covering up to 1958, lists over 500 references. A recent article 

by Hardy and Pollard (16) gives a comprehensive review of chroma

tography up to January, 1959. The authors present both a review of 

the "ins and outs" of chromatography and an excellent bibliography 

of over 600 articles . Another article by Dal Norgare (9) covers 

chromatography from January, 1959 to January, 1960. 

Several International Symposiums have been held on gas chroma

tography , and from these , many outstanding sets of notes have been 

published. (6, 11, 12). Because of these symposiums, many recommen

dations have come about for the standardization of terms, methods 

of analysis and the reporting of results for chromatography. 

Operating Characteristics 

Of major importance in this thesis work was the degree of ac

curacy that could be obtained from the chromatograph . The litera

ture · on gas chromatography shows that , in general , the reported 

accuracy is in the range of :!; 1 per cent (16,24). It was seldom found 

that anyone was willing to report accuracy as high as :!:O.lpercent. 

The usual repeatability given for various types of sampling valves 

and syringes alone is :!:O . l percent or poorer (7) . 

In order to insure the best possible reproducibility and ac

curacy , the literature of chromatography was checked to ascertain 



8 

v1rhat degree of control must be exercised over condition variables. 

The conditions listed below were generally recommended: 

'l'emperature control ± 0" 2°c to ± 0 0 1 °c. 

± Ool cc/mino 

Other variables were usually such that they were expected to 

be fairly exact. These variables included. voltage, and inlet and 

outlet pressureo 

Many authors :feel that there is another very important factor 

in utilizing chromatography accuratelyo This is the quantitative 

interpretation of the curve or chromatogram obtained from the re

corder for a .e;iven component o This interpretation is usually based 

either on peak h.eight or the area under the peak:. Many investiga

tors feel that for routine analysi~ 1 peak height is satisfactory 

biit for accurate analysis, pea};;: area must "bie used. Peak areas may 

be determined by any of the following mjihods: (1) by cutting the 

curves from the chart and weighing them, (2) by means of a planime

ter, (3) by employing some automatic integrating device in the re

cording equipment 1 (4) by one of several methods of geometric ap

proximationo The m.ost commonly used of the apprximation methods 

consists of multiplying the peak height by the width at half the 

height. One article (18), recommended that the width product be 

talcen at 4E'.).4 1ier cent peak height for more accurate area measure

ment. The present tendency would seem to favor the automatic in

tegrating devices ( 5 ,10) , but many claim that the planimeter fsi ves 

the most satisfactory results (29). One chromatography authority 

( 33) prefers the geometric apJproximation. It seems that th.e im-, 

po1~tant factor is not whether the results obtained are the actual 
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area under the curve, but wh_ether the results can be reproduced from 

run to run'o 

Since the conception of gas· chromatography, there have been 

many advances in design and use of equipment. A basic consideration 

in the choice of equipment for this proposed research was the possible 

..... use of equ~pment already available. Would this equipment be satisfac

tory? Two parts of the chromatograph are of interest in this respect. 

They are the type detector used -and the type column used. 

There are two major ·styles of columns now in use. The first 
' 

is the packed column. In its usual form the column will be 1/4 inch 

metal tubing packed with an inert material wq.i.ch has been coated 

with some particular heavy liquid. The second type of column is a 

capillary column. This is usually a metal or glass capillary tube 

without inert material as in the common packed column. The heavy liquid 

is placed on the wall of the capillary. Large numbers of theoreti-

cal plates are obtained.using capillary columns. As many as 3/4 

million theoretical plates have been reported (31). Serious ques-

tion has been raised as to whether the numbers of plates reported 

actually indicate i~proved results. In comparing capillary columns 

with packed columns giving 1/100 to 1/300 fewer theoretical plates, 

it was found. that.,.in many instances, there was only a relatively 

small improvement in the actual separation obtained (4). The ca-

pillary columns br.ing into focus the other component of primary in-
' 

ter~•t, the detector. 

The detector used with the capillary column must be able to 

detect very minute amounts of a component. This can be done with 

radiation detectors or with hy¢1rogen flame detectors. The packed 
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columns9 since much larger samples are used in them, cannot general-

ly use detectors of this type. A sample 1/1000 as
1
1~rge as that 

I 

used in the packed columns is usually satisfactory for the oapil-

lary columns. 

Since, iri this research work, as large a sample as possible 

was desirable in order to reduce error, the capillary columns were 

' '. 
not considered f·urtber. 

The detector commonly used with packed columns in this country 

is the thermal conductivity cell. There are two modifications of 

this cell. On~ uses very small coils of fine wire as the sensing 

' elements, and the other uses thermistors. Because of the availa-

bility and the high signal to noise ratio (3), thermistors were 

selected for use . Thermistors are inexpensive, readily ava ilable, 

0 and useable at temperatures up to 150 c. 

The use of gas chromatography for the analysis of high pres-

sure vapor-liquid equilibrium mixtures has been found to be a dif-

ficult problem. In most studies of this type the pressure is taken 

off of the sample obtained and only part of the sample is used for 

analysis . This method presents the possibility of transfer loss es 

and los ses due to condensation . 

Price and Kobayashi (29) describe in fairly complete detail 

how they used gas chromatography to assist them in the analysis of 

their vapor-liquid equilibrium samples . A small high pr essure 

equilibrium sample was trapped in a piece of tubing between two 

valves . The tubing was wrapped with a heating element and the en-

tire s ample was vaporized . One valve was then cracked and t he 

pressure was allowed to bleed down to atmospheric pressure. 
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The valve was then closed and connected to the chromatography unit. 

Helium was used to force the remaining sample from the tube into 

the chromatography unit. 

Price and Kobayashi used a series of correction factors to de-

termine the composition. They felt that this was necessary since 

the chromatography parameters they were using were not held con-
( 

stant. Their final equation for the amount of a given component 

in a sample had the form: 

(1) 

where: m. = mole fraction of component i present in the sample. 
l. 

A. = area under curve for component L 
l. 

A = reference r area of component i 0 

Qs = flow rate of carrier gas during sample analysis. 

Qr = flow rate of carrier gas during reference rune 

z = co.mpressi bili ty factor of the unknown sample. s 

z = compressibility factor of the reference sample. r 
p = barometric pressure during reference runo 

r 

p = barometric pressure during sample run. s 

If Price and Kobayashi had kept the column outlet always cor-

rected to 760 mm of mercury and had kept the flow rate thr_ough the 

column constant II the "P" and ''Q" terms each could have been reduced 

to ,unity •. This.•.woul.d:.ha:ve given them an equation of the form: 

( 2) 

In essence II all t.hat the remaining terms show is that the cali= 

bration curve for a given component is not a completely straight 
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lineo They used compressibility factors to estimate the true cali-

bration curve in place of calculating the curves. Their analysis 

was constantly off for one component 9 with an average error of al-

most two per cento 

Theoretical Background 

Explanations of the theory behind gas chromatography have been 
. '· 

advanced by many authorities in the field. Some of the theoretical 

developments have been well accepted; many have been passed over 

and forgotten in the expansion of this relatively new field of 

analysis. 

Two international symposiums on gas chromatography (6 912) have 

recommend.ed' the following equation for standardization as fhe 

method of determining the number of theoretical plates in a gas 

chromatography column: 

2 
n = 16 (d/w) 

where: n = number of theoretical plates 

d = distance from the injection point to 

middle of the component peak 

w = width of the component peak measured 

base between the intersection of the 

the 

at the 

tangents 

of the inflection points of the curve. 

(3) 

This equation was chosen primarily because it was felt that 

it would be easy for all investigators to use. 

Possibly one of the .best known and most discussed equations 

for gas chromatography is' the' Vl:llll i>eemter' Zuiderweg and Klinkenberg 

eq,uation ( 32). This eq~ation was developed to explain the me

chanisms of peak broadening and to derive an expression for the 



"Height Equiva~ent to a Theoretical Plate," (HETP). 

The basic equation is: 

where: )\. = a quantity characteristic of the packing 

dp = average particle diameter 

Y = a correction factor accounting for the 

tortuo~ity of 'the gas channels 

13 

Dg, DJ.= diffusivity in the gas and liquid phases, respectively 

u = linear gas velocity in the packed column 

dr = "effective" thickness of the liquid film with 

which the particles of the support are coated 

k' = K(F1/Fg) where: K is the partition coefficient 

of the solute expressed as the ratio of moles 

per unit volume of gas phase; and F1 and Fg are 

the fraction of cross section occupied by the liquid 

and gas phase1;1,; respective).y. 

This equation is of the form H = A+ B/u + Cu. The "A" portion 

of this equation is the contribution of eddy diffusion due to pack-

ing. The "B/u" term is the contribution of molecular diffusion 

and the ''Cu11 term is the contribution of the resistance to mass 

transfer. 

The van Deeinter equation has been discussed and criticized by 

many writers, but most agree that it is a good attempt to explain 

the complex phenomena occurring in a gas chromatography column (8, 

13,23). 



CHAPTER III 

EXPERIMENTAL APPARATUS 

The main components of the experimental equipment that were 

used for this research are shown in Plate I and Plate II. The 

basic unit was a model 119 gas chromatography purchased from the 

F & M Scientific Corporation, Wilmington, Delaware. A one milli-

volt Bristol Recorder\} model 560 1 with a one second scale sweep was 

used with the chromatograph. 

Items of Chromatographic Equipment 

The equipment described below was used to obtain the best 

possible constancy for the gas chromatography parameters of opera-
··, 

tion. The parameters of each individual component are noted. 

Constant Temperature Bath 

A reflux vapor bath,, 28 inches long was provided for control-

ling the temperature of the chromatography unit. (Plate I and Fi-

gure 2). This unit was similar in design to a straight-through 

jacketed reflux condenser. Temperature control was obtained by 

boiling a pure liquid in.a distillation flask connected to the re

flux vapor bath. By boiling various materials in the flask, a wide 

range of operating temperature levels could be obtained. Heat to 

the flask. was controlled by a Variac on the right of the electri-

cal control panel (Plate II). A condenser was provided to keep 

14 



Plate I 

Flow Control Panel and Constant Temperature Bath 
,_. 
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Plate II 

Electrical Control Panel and Recorder 
I-' 
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10. Soap film meter 
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11. Constant temperature vapor bath 

~ 

12. Heated flask 
1 ~L Condenser 
14. Thermometer 
15. Squeeze bulb 
16. Outlet control valve 
17. Sampling valve 

Figure 2. Flow Diagram of Gas Chromatograph 
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the boiling vapor in the bath. Connected to the condenser were a 

thermometer and a pressure control system which served to maintain 

a constant temperature. Pre.ssure on the system was controlled at 

exactly 760 mrn mercury. 

Pressure was maintained on the system at 760 mm of mercury by 

manually adjusting the mercury level of a manometer. The required 

manometer adjustment was determined from barometric readings~ After 

the 11ressure correction was made~ the system was then closed off 

from the atmosphere. 

The temperature bath was provid,ed with end plugs to reduce 

heat losses and maintain a constant temperature along the bath. 

Glass wool insulation was also used at the ends of the unit" 

Gas Source 

A cylinder of helium was used as the inert carrier gas sourceo 

A dOJJple diaphragm p:i.~essure regulator was placed on the cylinder to 
f ''': 

bring the pressure down to the operating pressure which was not more 

than 10 psigo Pressure was maintained by the use of this _pressure 

regulator. 

Flow Control Panel 

The gas flowed from the pressure regulator on the helium cylin-

der to the inlet pressure gage and then on to a flow controller on 

the control panel (Plate I)o 

The flow controller was difficult to operate and did not give 

satisfactory pressure control o Tl1e controller was bypassed and the 

flow was controlled only by the downstream needle valveso At a 

later date, the flow coritroller was removed entirely from the con-

tror panel and a sensitive pressure regulator installed in its placeo 
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This regulator gave very satisfactory resultso 

The gas flow was divided into three streams on the control 

panelo The main flow stream went to the preheat coilo The second

ary flow stream went to the reference side of the column detector 

block. An auxiliary stream was provided so that the flow could 

be rourted through an exterior sampling valveo Toggle valves were 

provided to control this switching. Each of the above streams had 

its own flow-control needle valveo 

Preheat Coil (Figure 2) 

The gas flowed from the control panel into the constant tem

perature bath and through a four foot copper tube 1/8·-inch in dia

meter. This tube was used to bring the temperature of the inlet 

gas up to the bath temperatureo 

Sample Injection Port and Packed Column (Figure 2) 

The gas flowed from the preheat coil into the packed column. 

This column was from 2 to 6 feet long and was made of 1/4-inch 

copper tubingo It was connected to the injection port and the de

tector block by compression fittings. To change a column~ the lead 

wires on the detector block and the outlet and inlet gas lines were 

disconnected; and the injection port~ front plugj column~ and de

tector block~ as a unit~ were pulled gently from the bath. The 

column was removed by loosening the nuts on each endo The nuts and 

sealing non ring could be placed on a new column and the unit re

assembled in reverse order. 

The columns w¢re packed with 35-80 mesh chromosorbo The chro

mosorb was coated with the desired weight per cent of stationary 

liquid to be used ( usually 20 % by weight) o The column packing 
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was made by first weighing accurately the chromosorb and the sta= 

tionary liquido 'fhe stationary liquid was then dissolved in a 

suitable solvent (acetone or ether). This provided a large volume 

which was thoroughly mixed with the chromosorbo The volatile sol

vent was driven off by placing the mixture on a steam plate. This 

mixture was continuously stirred until all noticeable traces of the 

solvent were removed. 

Accurate lengths of 1/4-inch copper tubing were cut to the de

sired sizeo A small plug of glass wool was placed in one end of 

the tubing and the prepared packing was poured into the other end. 

The sides of the column were tapped gently as the packing was 

poured in so there would be no dead spaces and so that the packing 

would assume a fairly uniform density, The other end was sealed 

with another plug of glass wool and the column was bent so that it 

could be placed in the constant temperature bath. 

Detector Block (Figure 2) 

The detector block contained two thermistors which were con

nected to the bridge system. One thermistor was in the column 

stream and was called the measuring thermistor. The other was the 

reference thermistor which was supplied with helium by the second

ary flow stream. 

Outlet Control System (Figure 2) 

The gas flowed from the column through the detector block and 

then through the outlet pressure control. The outlet pressure was 

controlled by closing the valve on the outlet panel until,/the sum 

of the manometer pressure and the atmospheric pressure were equal 

to 760 mm Hg. Down stream from the valve was a soap bubble flow 
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meter. For flow measurements, the liquid level of a soap solution 

was raised above the gas inlet so that soap bubbles would travel up 

the calibrated tube. The gas flow rate was determined at room tem-

perature by measuring the time required for the soap bubble to pass 

between two given points. By changing connections, either the 

measuring flow or the reference flow could be checked. 

Electrical Control Panel (Plate II) 

This unit housed the electronic recorder and the electrical 

bridge system. The 12 volt supply battery for the bridge system 

was located behind the control panel. The control Variacs were on 

the left and the right of the panel. The Variac on the right con-

trolled current to the vapor bath and the one on the left was used 

for auxiliary controL The controls for the electrical bridge sys-

tern were located in the center of this unit. 

Electrical Bridge System (Figure 3) 

A Wheatstone bridge was the measuring portion of the chromato-

graph. The input voltage from the battery was regulated by the 

bridge voltage control. The recorder pen was zeroed on the left 

side of the recorder chart by the coarse and fine zero controls. 

If the peak of a curve on the recorder was about to go off the 

chart paper, the peak height was attenuated. A peak would be one= 

third as high, with an attenuator setting of three, as it would 

at a setting of one. There were 20 settings on the attenuator 

ranging from 1 to 1000. 
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Choice of Operating Conditions 

Most operating conditions depend upon the materials to be se

paratedo The operating conditions of the gas chromatograph are 

interrelated; thus it is difficult to speak of them individuallyo 

The conditions shown below were typical of those used in this ex= 

perimental work but would hold for many other chromatographic se

parationso 

lo Stationary Liquid Packin£o Choice of colwnn packing was 

generally based on what was to be separatedo The liquids used to 

separate a given class of chemicals were found in literature on 

this subject (1~2 1 15 1 26) or from manufacturers 1 specifications on 

the liquid phases (34 1 35)0 The separation obtained for a given 

stationary liquid was a function of the amount of stationary liquid 

present on the chromosorbo The stationary liquids used were all 

purchased from suppliers of chromatographic equipment and supplies. 

2. Column Lengtho If two peaks were found to run together 

on a chromatographic curve 1 one method of improving the separation 

would be to lengthen the columno The length to which the column 

could be increased was limited by the size of the constant tempera

ture bath and 1 of more importance 1 by the pressure drop across 

columno For most work 1 the shortest column length that would 

achieve the desired separation would be usedo 

3o Temperature. As a rule of thumb, the temperature at which 

the column and detector are maintained should not be less than one

half the_boiling point of the highest boiling component in the 

sample. The temperature of the unit must be sufficiently low so 
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the liquid phase on the column packing will not be lost by vapori

zation. The vapor pressure of the stationary liquid should be no 

more than 0.1 mm of mercury for the temperature of operation. 

4. Gas Flow Rate. Flmv rates from 25 - 100 ml per minute are 

commonly used with 1/4-inch diameter columns. The higher the flow 

rate, the more rapidly the samples elute from the column, but this 

may reduce the component separation. 

5. Column Pressure. Though supposedly a chromatographic 

column could be operated at any pressurej the unit used was limited 

to 15 psig. This limitation was imposed by the seals used in the 

detector block. All experiments were run with a column inlet pres

sure of 10 psig and a column outlet pressure of one atmosphere. 

6. Bridge Voltage. Maximum response for the 8000 ohm ther

mistors used in the chromatograph was obtained between 7 and 8 

volts. (See Figure 7.) 

7. Sample Size. For liquids~ the smallest size sample that 

could be injected with any appreciable accuracy was 0.001 ml. The 

largest size sample was approximately 0.1 ml~ being limited by a 

condition resembling flooding in a distillation column. The peak 

would become very broad and would emerge from the column more 

rapidly than normal since equilibrium was not obtained. Thus~ 

smaller size samples are more desirable. For gasesj the range in 

sample size is from 0.1 ml to 1.5 ml. This limitation on the 

sample size is primarily due to the attenuator capacity which is 

limited to 1000 divisions. 



Operating Procedure 

The vapor bath was left on at all times. This allowed the 

warm-up time. for operation to be approximately 30 minutes. Only 

· enough heat was used to make the unit reflux. 
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To begin operation 9 the helium cylinder pressure regulator was 

turned up so that there was 20 psig available. The column pressure 

was then adjusted to 10 psig. A flow of 25 ml per minute was set 

on the reference side of the detector block. The flow which passed 

the measuring thermistor was set at the value to be used for the 

run. At the same time the outlet pressure control was adjusted to 

bring the total pressure at the column outlet to 760 mm of mercury. 

The constant temperature bath pressure control system was also ad

justed to 760 mm of mercury. After the helium flows had been ad

justed, the voltage on the bridge system was turned on and set at 

8 volts. The recorder was then turned on. The bridge system was 

balanced with first the coarse zero control and then the fine zero 

control. This placed the recorder pen on the zero setting on the 

left hand side of the recorder. The unit was then allowed to warm 

up for at least 15 minutes. After the warm-up period 9 all variables 

(pressure, flow 9 temperature 9 etc.) were rechecked and corrected 

if necessary. 

The sample to be run was injected into the chromatograph and 

the attenuator was adjusted so that the largest possible peak would 

be produced on the chart. The column variables were continually 

checked while running samples through the.chromatograph unit. 

When the unit was to be shut down, the bridge current was 

turned off; then the recorder and finally the heliUlll cylinder was 
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closed. The constant temperature bath was left on to be ready for 

the next run. 

Use and Calibration of Syringes for.Liquid Analysis, 

The general accuracy of the syringes used in this work is in= 

dicated by the calibration data in Appendix C. Th~ syringes were 

manufactured by the Hamilton Syringe Company of California and 

were of 0.01 ml 9 0.05 ml 9 .and 0.1 ml maximum volume 9 respectively. 

The 0.05 ml syringe was equipped with an adapter which the manu

facturer claimed could achieve a routine accuracy of 0.01 per cent. 

Difficulty in operating the 0.05 ml syringe in this manner raised 

serious questions as to this accuracy 9 and after several attempts 

it was no longer used. 

In order to obtain the highest possible degree of accuracy, 

the following procedure and precautions were followed in using the 

syringes. Because of the very small clearance between the syringe 

plunger a:nd barrel 9 the only lubrication used was the liquid being 

sampled. Pieces of rubber tubing were placed over the syringes 

for two. purpose$: first .. to. p_rotect. the syringe if it were dropped 

and second 9 to keep hand heat from affecting the volume of the 

syringe. 

Before a liquid sample was drawn 9 the syringe was cleaned and 

dried with acetone and air. The syringe was rinsed twice. with por

tion.s of the .sample to be analyzed. The syringe was then filled 

well past the calibration mark to be used and turned vertically so 

that any air bubbles present would rise to the top. The air bub

bles were then pushed out and the syringe was placed upder a 
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magnifying glass. The magnifying glass had a cross hair on it and 

the table to which the magnifying glass was attached had a fine 

line drawn on it, By placing the syringe under the magnifying 

glass and aligning the line on the table, the line on the plunger, 

and the cross hair, a high degree of accuracy could be obtained. 

All calibrations were made using the above procedure. 

The syringes were calibrated by filling them with triple dis

tilled mercury and then weighing the syringe on an analytical 

balance to 0.1 of a milligram. One difficulty was encountered in 

using this procedure. It was difficult to determine where the mer

cury stopJ)ed and where the syringe plunger started. Great patience 

was required for this calibration. 

Another problem was encountered when injecting the samples in

to the chromatograph. 'rhe needle could be inserted so far into 

the column that it could shorten the effective leng·th of the columno 

Precautions were taken to assure that the samples were injected 

into the area above the inlet helium stream. No trouble was en

countered using this method. 

lv\ihen injecting a sample I the needle was pushed through a rub

ber cap covering the top of the column 1 emptied quickly and removedo 

It was noted at an analytical laboratory of' a leading oil company 

that the syringe was often left sticking in the rubber in

jection cap for several minutes. It would seem that as the syringe 

ne.edel was heated to the temperature of the unit I part of the li

quid left in the needle would have been vaporized and forced out at 

a later timeo This practice was not followed in this research 

worko 
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Gas Injection Systems 

Several systems are used for the analysis of gases with the 

chromatograph. The easiest system was again the use of a syringe. 

Many authors reported satisfactory results using a micro syringe 

for gas analysis (22,30). Another~ more precise method would be 

to trap a definite volume of gas in a tube between two stopcocks 

and t.hen force the gas into the column by the carrier gas (22). A 

modification of this procedure would be to vary the volume of the 

sample trapped (14). This could be done by using a gas burette 

filled with mercury to measure the volume of sample to be injected. 

A system of this type was built. 

Another procedure that could be used would be to vary the 

pressure of a sample of gas in a known volume. Thus using compres

sibility data for the pure gas~ different volume samples could be 

injected into the chromatography unit. 

High Pressure Gas and Liquid Sampling Valve 

One of.the major problems of analyzing vapor-liquid equilibri

um samples is taking the sample. To overcome this problem, the 

sampling valve shown in Figures 4, 5~ and 6 was designed and built 

for high pressure operation. 

The valve had three major parts: the top plate, the rotating 

cylinder, and the bottom plate. The top and bottom plates each 

had three holes drilled through them'for inlet and outlet lines. 

Each plate had a gas sample line, a 'liquid sample line, and a heli

um line attached to it. The rotating cylinder had a single, small 
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diameter i hole through it. 'l'his small hole could be rotated so 

there would be flow in any given line. If the cylinder had been 

turned to allow flow in the liquid line 1 the hole could be rotated 

to the helium line and the small volume of liquid sample trapped 

in the cylinder would be placed in the helium flow streamo 'The he,

limn flow would carry the sample directly to the chromatograpl1,, 'l'o 

aid in lubricating the cylinder and to form a seal, pieces of teflon 1 

with holes for each st.ream 11 \Vere placed in the top and bottom plates. 

The line carrying the helium stream to the chromatograph was heated 

so there would be less chance of hold-up for the liquid portion of 

the samples. Th.is line was made of copper capillary tubing. 

Quantitative Measurement of Samples 

11"or each unknown to be determined in a sample 9 there has to be 

a calibration curve" To make a calibration curve for a pure compo-, 

nent 9 different size samples were plotted against some out1mt vari·~· 

able such as area under a peak curve o 'rhis gave a smooth curve" 

As long as the conditions of operation of the chromatograph remained 

the same 9 a given component emerged each time at the same distance 

from the point of injectiono Unless there was overlapping of two 

components~ the area under a peak was easily calibrated o By cal cu,= 

lating the area of a known component in an unknown sample 9 the size 

of pure sample required to give the known peak was found from the 

calibration curveo 

Dividing the unknown sample volume by the volume of the known 

component gave the volume per cent of the known component,, 



> Chemicals 

The pure chemicals ti~e;d as standards for the gas chromatograph 

were obtained from the Phillips Petrolewn Company of Bartlesville, 

Oklahoma. 



CHAPTER IV 

OPERATING CHARACTERISTICS OF THE EQUIPMENT 

These runs were made so that the ultimate accuracy and factors 

affecting the accuracy of the gas chromatograph could be studied. 

In this way it was hoped to find just how successful gas chromato

graphy would be for analysis of high pressure vapor-liquid equili

brium samples. Where average run results are listed, the data were 

within :t :3 per cent of the value given. 

Effect of Voltage 

For every pair of thermistors used in a chromatograph, there 

is an optimum operating voltage (23). For maximum sensitivity, the 

chromatography unit should be run near this optimum voltage. 

In order to determine the optimum voltage, a series of runs 

were made with all conditions constant, except the voltage. Since 

the runs were not highly critical, 1 ml samples of air were in

jected with a gas syringe. The peak heights were used for the ca

libration (23). The peak heights were multiplied by the attenuator 

setting to give a height-attenuator product. The results are given 

in Table I and are shown in Figure 7. For each value of voltage 

three runs were made and averaged. The three runs agreed within 

± 2 per cent maximum error. 

From Figure 7, the value of 8 volts was chosen to be used in 

the remainder of the experimental work. 
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Run Voltage 
Number (Volts) 

2-1-1 4 

2-1-2 5 

2-1~3 6 

2-1-4 7 

2-1-6 8 

2-1-8 9 

2-1-10 10 

2-1-11 11 

TABLE I 

EFFECT OF VOLTAGE ON PEAK HEIGHT 

Average Attenuation 
Peak Height Factor 

(Chart Units) 

71.2 300 

65o4 500 

80.5 500 

89o5 500 

95ol 500 

9406 500 

94.2 500 

93.7 500 

Attenuator 
Height Product 

2li400 

32,700 

40,300 

44,700 

47,500 

47,300 

47,100 

46j800 

c..:i 
Cl 
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Attenuator Calibration 

The attenuator is made from a group of resistors and its ac

curacy is dependent upon the tolerance of the resistors. ThP be

lief was that for the utmost precision the attenuator must be cali

brated. To do this, at least two different methods could be em

ployed. First, a deflection of the recorder pen could be made 

with the attenuator at some setting. This could be done using the 

zero adjustments. The attenuator could then be turned to the next 

lower scale and the change in height compared with the two dif

ferent attenuator readings. 

A second method of calibrating the attenuator would be to in

ject a sample of known volume into the chromatograph. This could 

be done at a particular attenuator setting and then, using the 

same size samplej repeated for some other attenuation. 

An interesting factor was noted after making a few preliminary 

runs. In comparing such setting changes as 1000 to 700~ 100 to 70, 

and 10 to 7j approximately the same ratio of heights was obtained 

for each pair. This could mean possibly that another factor was 

involved in the scale readings. The recorder slide wire might not 

be completely linear and the attenuator could be essentially 

correct. 

It was not difficult to find a solution to the problem. When 

running a sample through the chromatography unit, the highest pos

sible peak is always the most desirable. Thus for a particular 

size sample of a given component, the attenuation factor should 

always be the same. This would mean that a calibration curve for 
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a given component would have its correction factors built into it. 

This eliminated the necessity of obtaining correction factors for 

the attenuator and the recorder slide wire. 

Syringe Reproducibility 

Possibly the only method of telling actual syringe reproduci

bility would be to look at the calibration tables in Appendix C. 

To determine the reproducibility of a syringe volume by injecting 

a sample into t.he gas chromatograph would be nearly impossible. 

It could be done only if there were no other variables involved. 

The syringe calibration tables indicate that the syringes are 

fairly accurate with a maximum difference between two readings of 

approximately 0.2%. The calibration data seem to follow a definite 

trend, showing that the glass syringes must have a highly precise 

bore in them. 

Gas Injector 

Several difficulties were encountered in the operation of the 

gas injector. The chromatograph was always operated at 10 psig, 

This meant that the mercury resorvoir had to be almost 2 feet above 

the top of the injector to force the gas from the burette. Because 

of the capillary tubing used in the injector, the rate at which the 

gas was forced into the helium line caused the peaks to be 

broadened. Another problem was found in that the mercury became 

easily contaminated, thus making the burette hard to read. The gas 

injec'for was calibrated, but because of the broadening peak effect, 

it wa~ not used. 
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Injection Delay 

.The question arises as to what the effect would be if not all 

of a sample reached the head of the chromatograph column at essen-

tially the same time. Obviously, the peak height of the sample 

would be shortened and the width broadened. But would the area 

under the curve be changed? To test this, a series of runs were 

made injecting the samples at slower and slower rates. Obviously 9 

the information obtained would only indicate a general trend since 

it would be very difficult to delay the sample injection exactly the 

proper time. 

The operating conditions were kept constant and 0.05 ml 

samples of nC7 were injected at different rates. The results are 

shown in Figure 8. The areas were determined by a planimeter. It 

was assumed that the time for injection of the quickly injected 

sample was 0.5 of a second. 

TABLE II 

EFFECT OF INJECTION DELAY ON PEAK AREA 

Run Injection Attenuator Planimeter 
Number Delay,Sec. Setting Area, Sq. Units 

3-8-21 0.5 700 6.203 
3-8-22 0.5 700 6.217 
3-8-23 0.5 700 6.227 
3-8-25 5.0 700 6.270 
3-8-26 15.0 700 6.303 
3-8-27 20.0 700 6.443 
3-8-28 30.0 700 6.577 

The results show that the area increases with injection delay. 

For best results the samples should be injected with some constant 
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factor of delay. This can best be obtained by making the injection 

as rapidly as possible and thus approximating a "plug" type injec-

tion. 

A similar test was run on gases and it was found that they 

were even more sensitive to injection speeds than were the liquids. 

Gas and liquid samples were injected into the preheat coil to 

determine if there would be any changes in the curve area. The gas 

samples showed little or no effect but the liquid samples were al-

most impossible to calculate due to excessive tailing of the curves. 

Another series of runs was made to test the effect of a large 

amount of gas passing through a small liquid sample while in the 

column. No change was noted in the area or shape of the liquid 

curve. 

Trace Analysis 

The determination of the minimum amount of a hydrocarbon that 

could be detected in a sample was believed desirable. To do this, 

three samples of normal hexane in normal heptane were prepareq. 

The three samples were as follows: 100 ppm, 10 ppm and 1 ppm (by 

volume). Each was made by injecting 0.001 ml of hexane from a 

syringe into a measured volume of heptane. A 0.1 ml sample of 

mixture was used with the attenuator setting of 1. The following 

operating conditions were used: ' 0 temperature, 210 F; reference 

flow, 25 ml/min; measuring flow, 50 ml/min; chart speed~ 4 1/2 

inches/min; and a 4 foot-20 % tricresyl P.hosphate (TCP) column. 
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TABLE III 

TRACE ANALYSIS 

Run PPM nC6 Mol nC6 Peak Peak Peak 
Number By Volwne In Sample Height Width Area 

mm mm mm2 

3-21-1 100 
. 7 0.767 X 10- 98.1 4.0 392 

3-21-2 10 0. 767 X 10-8 10.5 3.9 40.9 

3-21-3 1 0.767xlo-9 1 4.0 4 

For the 1 ppm samplei the peak was very small~ as can be seen 

from the peak height and the width data. The 10 ppm and 100 ppm 

samples showed up clearly. The 10 ppm sample used 4% of the pos-

sible scale deflection while the 100 ppm sample used 38%. 

Effect of Flow Changes 

If the flow of helium should decrease during a run, it would 

affect the shape of the component curve in some manner. Samples of 

normal hexane were injected into the chromatograph at three slight-

ly different flow rates. All other conditions were held as con-

stant as possible. The results of these three runs are shown in 

Figure 9. The following operating conditions were used: tempera-

ture, 209°F; reference flowj 24.8 ml/min; chart speed, 1/2 inch/ 

min; sample size, 0.007 ml; attenuator setting, 500; and a 6 foot-

20% TCP column. 

Three runs were made for each flow rate. The average values 

are reported here. 
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TABLE IV 

EFFECT OF FLOW CHANGES ON PEAK A~A· 

Run Column Flow Peak Height Peak Width Peak Area 
Number ml/min mm mm mm2x 10-6 

4-2-2 52.1 cc/min 190.1 20.99 1.993 

4-2-5 47.5 cc/min 190.2 23.13 2.20 

4-2-8 49.6 cc/min 188.0 22.33 2.105 

The following data are taken from Figure 9. 

Area at 49.5 ml/min. 2.108xl0 -6 

.Area at 50.5 ml/min • 2.064x 10 -6 

Area at 50 ml/min. 2.088 X 10 -6 

A one ml/min. change in flow at 50 ml/min. will cause error of: 

-6 -6 2.108 X 10 - 2.064 X 10 
-6 2.088 X 10 

x 100.= 2.1% error 

The conclusion can be drawn that the flow rate is a critical 

value. 

Effect of Temperature Fluctuations 

The same column and conditions which were used in the experi-

mentation on flow changes were used to study the effect of tempera-

ture changes. For this group of runsj the measuring flow was held 

constant at 50 ml/min. and the temperature was varied. The results 

are pre·sented in Figure 10. The point on the graph representing 

209°F was taken from Fig. 9 at 50 ml/min. The results shown are 

the averages of three runs at each condition. 
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TABLE V 

EFFECT OF TEMPERATURE FLUCTUATIONS ON PEAK AREA 

Run 
Number 

·Temperature 
OF 

Peak Width 
nun 

Peak Height 
mm 

Area 
mm2x 10-·6 

4-4-2 

4-4-5 

211 .• 6 

210.8 

21.6 

21.9 

189.1 

188.1 

2.045 

2.060 

Figure 10 would indicate that 1°F variation during a run would 

change the calculated area by 0.7 per cent. 

Effect of Outlet Pressure Variations 

Most commercial gas chromatography units control the inlet 

pressure but let the outlet.of the column be at the prevailing 

barometric pressure. The inlet pressure is easily controlled and 

has slight, if any 9 noticeable variations if proper regulating 

equipment is used. The effect of variation of outlet pressure was 

tested by closing the valve on the outlet control panel until the 

desired pressure was obtained. All variables were kept constant-

and were the same as in the two preceding series of runs. The tem-

perature was 209.8°F and the measuring flow was maintained at 

50.3 ml per minute. The results given are the average values of 

several runs made at each condition. (Table VI and Figure 11). 

Important conclusions can be drawn from Figure 11. If a 

chromatography unit were run on a day when the barometric pressure 

was 750 mm of mercury and the same runs were made the next day when 

the barometric pressure was 760 mm of mercury, there would be ap-

proximately 3.9% difference between the two sets of data. Because 
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TABLE VI 

EFFECT OF· OUTLET PRESSURE ON PEAK AREA 

Run Absolute Outlet Peak Height Peak Width Peak Area 
Number Pressure mm mm mm2 X lQ-6 

mm Mercury 

4-,.10-21A 765 21009 18o4 L94 

4-10-22A 744 21800 19o9 2ol7 

4-10.-23A 803 20505 1608 L73 

4-10-24A 742 21705 1908 2ol5 

of this sensitivity 9 the mercury manometer on the column outlet was 

replaced by one filled with red oil (specific gravity = l)o 

Method of Calibration 

One advantage in applying gas chromatography to vapor-liquid 

equilibrium samples is that the composition of the sample can be 

known approximately. To obtain the best results 9 the chromatography 

unit should be calibrated just before useo Knowing the approximate 

composition 9 the calibration points required can be kept to a mini-

mumo A mixture of normal hexane and normal heptane was analyzed to 

show three things: first~ the method used in the calibration and 

analysis of a sample; second 9 a comparison of two curve area calcu-

lation methods; and third 9 the over-all accuracy obtainable with 

the equipment. 

Pure samples of n-hexane and n-heptane were injected into the 

chromatograph with all operational parameters kept constant. The 

sample sizes and operating conditions are given in Tables VII and 

VIII. Each size sa1nple was run twice and each curve was measured 



TABLE VII 

CALIBRATION DATA FOR n HEXANE 

Operating Conditions: 
. 0 

Temperature - 21000 F 
Reference flow - 25 ml/min 

Measuring flow - 50 ml/min 
Chart speed - 4 1/2 inches/min 

Column - 4.feet., 2.0% TCP 
Outlet pressura:"" 76000 mm Hg 

Run Sample Attenuat6r Peak Height Peak Width Triangulation Planimeter Area 
Number Size, ml Setting mm mm 2 =6 mmx 10=6 

Area, mm x 10 
Trial 1 Trial 2 

5-22-3 0000290 300 23104 14.2 00986 10°005 1.010 
5-22-4 0.00290 300 23004 13.9 00964 0.989 00989 
5-22-5 0.00339 300 25206 14.9 1.128 1.159 lol61 
5-22-6 0.00339 300 25308 14.9 1.133 1.165 lol63 
5-22-7 0.00388 500 164.0 15.4 lo262 1.279 1.281 
5-22=8 0.00388 500 163.4 15o5 10268 10296 lo300 

TABLE VIII 

CALIBRATION DATA FOR n HEPTANE 

Operating Conditions: (Same as for n Hexane) 

Run Sample Attenuator Peak Height Peak Width Triangulation Planimeter Area 
·Number Size 9 ml Setting mm mm · 2 =6 mrnx 10=6 

Area 9 mm x 10 Trial 1 Trial 2 

5=22=9 0.00290 300 17206 1808 00973 1 .. 030 1.030 
5=22-10 u.00290 300 17208 18.9 0.980 1.036 1.036 
5=22-11 0.00339 300 194.4 19.3 1.122 1.195 1.195 
5-22=12 0.00339 300 195.9 19o2 1.129 1.208 1.204 
5=22-13 000()388 300 212.7 19.6 1.250 1..313 1.310 
5=22-14 0.00388 300 213.0 19.8 1.265 1.329 1.323 ~ co 
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twice with a polar compensating planimetero 'rhe area was also cal

culated by the triangular estimation method of the peak height times 

the peak width at one half the peak heighto The data obtained for 

each component were plotted in Figures 12 and 13. 

A mixture of 50 per cent each by volume of n-hexane and n-hep

tane was made and two 0.007 ml samples were run through the column 

at the same conditions as the calibration curveo The results of 

these runs are given in Tables IX and X. The 50 per cent mixture 

was made by measuring and pipetting a one milliliter sample of each 

componento At the time this was done~ the room temperature was 86 °F. 

This and the possible error of the pipettes may explain the fact 

that the results are low in n-hexaneo The mixture was placed in 

a vial~ stoppered and allowed to stand overnight to reach equili

brium. 

The relative merits of triangulation area and the planimeter 

area can be seen from the calibration and mixture data. Not only 

do the planimeter areas vary more between the two runs of each 

sample size than the triangulation areas 9 but they vary up to 0.5% 

on the same curve. The average planimeter area varies approximately 

0.2%. The triangulation method suffers from the fact that it is 

difficultj if not impossiblej to calculate accurately the width of 

a peak. The data presented are given with four significant figures 

but cannot be justified because the peak width can be found only 

to three significant figures. 

The data shows that for the systems run~ the planimeter is not 

as-consistent as the triangulation method. This may be due to the 

fact that there is a slight tailing off of the curves with the TCP 

column. 



TABLE IX 

TEST OF 50% MIXTURE OF n HEXANE AND n HEPTANE 

Operating Conditions: 

Run 
Number 

5-22-1 

5-22-1 

5=22-2 

5-22-5 

Temperature - 210o0°F 
Reference flow= 25 ml/min 
Measuring flow= 50 ml/min 
Attenuator setting - 300 

Peak Peak Height 
mm 

nC6 246.9 

nC7 190.5 

nC6 247.7 

nc7 192.5 

Peak Width 
mm 

14.8 

20.0 

14.8 

19.7 

Chart speed·= 4 1/2 inches/min 
Column= 4 feet 9 20% TCP 
Outlet pressure= 76000 mm Hg 

Triangulation Planimeter Area 9 IDlli2 x 10-6 
Area 9 mm2 x 10=6 Trial 1 Trial 2 Average 

L095 1.112 1.115 1.114 

1.142 1.203 1.203 1.203 

1.098 1.118 1.122 1.120 

Ll38 1.188 1.188 1.188 

CJI 
vi 



TABLE X 

RESULTS OF MIXTURE TEST · 

Operating Conditions: 

Temperature= 210o0°F 
Reference flow - 25 ml/min 

·· Measuring flow - 50 ml/min 
Attenuator setting - 300 

Chart speed - 4 1/2 inches/min 
Column - 4 feet, 20% TCP 
Outlet pressure - 76000 mm Hg 

Run 
Number 

Peak 

5-22-1 nC6 
5-22-1 nC7 

5-22-2 nC6 
5-22-2 nC7 

Triangulation 
Corrected 

Volume % .; Volume% 

48.3 f8o7 

50.8 51.3 

99.1 100.0 

48.5 48.9 

50.7 51.1 
--

99.2 100.0 

Planimeter 

Volume% Corrected 
Volume% 

47.8 48.8 

50o2 5L2 -
98.0 100.0 

47.7 49.1 

49o4 50.9 

97.1 100.0 

CJ1 
,i:,. 
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The results (Table X) show that the corrected volume composi

tions have a maximum deviation of ! 0.4 per cent. The triangulation 

value varies approximately : 0.2 per cent. The fact remains that 

the composition did not : agree with the value which hadbeenexpe~ted, 

but a possible source of this error has been explained earlier. 

It is believed that the corrected results give a true indication of 

the actual composition. 

Vapor-Liquid Equilibrium Analysis 

In the proposed vapor-liquid equilibrium studies, a gas such 

as methane, and a heavier liquid such as heptane, will be used. 

This presents a problem of slowing the gas down so that it can be 

successfully analyzed and yet letting the liquid pass through the 

column in a relatively short time (less than 15 minutes). Four 

different column liquids that were suggested by manufacturers were 

tried on both gases and hydrocarbon mixtures. The four were tri

cresyl phosphate , dinonyl phthalate, Aprezon L., and polyethylene 

glycol. From these , tricresyl phosphate was selected as the best 

choice; although the over-all difference between the column liquids 

was not great. 

The next problem arose in taking the sample and transferring 

it to the chromatograph . The sampling valve (Figure 6) described 

earlier was used to do this. A heated copper capillary tube one 

meter long was used to transfer the samples from the valve to the 

chromatograph. The capillary tubing (0 . 031 inches diameter) had 

a small volume so that its entire length could be swept by the 

helium stream in less than 1/2 second. This was to keep injection 
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delay at a minimum. 

I ' The valve has been tested with little or no leakage up to a 

pressure of 400 psig. As long as corrected volumes are used in the 

calculations the exact sample size taken is not important. 

It was found that when the flow to the chromatograph was in-

terrupted to use the sampling valve, the flow fluctuations caused 

a peak on the recorder chart. Though it did not directly interfere 

with the samples taken, it is deemed advisable that the valve have 

a second hole drilled in it so that the flow fluctuations will be 

kept as sma~l as possible. Further- testing and development of 

the high pressure sampling valve will be carried out when the equi-

librium equipment has been readied for se~vice. 



CHAPTER V 

THEORETICAL CHARACTERISTICS OF THE EQUIPMENT 

The van Deemter equation (32), as pointed out earlier~ is con

sidered by many to have·given an adequate explanation of what takes 

place in a chromatography colunm. This equation is handicapped by 

the fact that it is difficult to use. 

The distance-width equation 

2 
n = 16(d/w) 

is easily used but the only information given by it is the nwnber 

of theoretical plates. This number is not a universal number for 

the entire column. Thus with one component, a given number of 

plates will be obtained, while another component of the same sample 

can give an entirely different number of plates. Changing the 

sample size will also affect the number of plates. Doubling the 

length of column will not necessarily double the number of plates. 

As an aid to understanding the distance-width equation, the number 

of theoretical plates was calculated for a group of runs made to 

test the effect of changing colunm length. The results of these 

runs are given in Table XI and Figure 14. The runs were for air, 

toluene, methylcyclohexane, normal hexane, normal heptane, and 

normal octane. 

The data from the above runs plotted exceptionally well. Note 

that if the lines for eli\Ch component were extended they would all 

57 



TABLE XI 

THEORETICAL PLATE-COLUMN LENGTH CORRELATION 

Operating conditions: 

Temperature - 210.2°F Outlet pressure - 760 nun Hg 
Measuring flow - 50 ml/min Re-fe-rence flow- 25 ml/min 
Column packing - 20% TCP 

Run Sample Chart Speed Size, ml Column Distance, Width, Theoretical 
·Number in/min Length, ft. nun mm Plates 

4-1-11 net>" 1/2 0.02 2 5.6 3.6 39 
3-30-21 nC6 1/2 0.02 4 12.3 4.6 115 

4-5-21 nC6 1/2 0.02 6 19.0 5.4 198 
4-1-11 nC7 1/2 0.02 2 10.6 5.4 61.5 
3-30-21 nC7 1/2 0.02 4 23.5 6.2 230 
4-5-21 nC7 1/2 0.02 6 32.5 6.6 388 
4-1-11 nc8 1/2 0.02 2 20.8 8.4 108 
3-30-21 nC8 1/2 0.02 4 45.8 9.8 349 
4-5-21 nC8 1/2 0.02 6 68.0 11.2 590 
4-1-13 MCH 1/2 0.02 2 15.2 6.4 90 
3-30-23 MCH 1/2 0.02 4 34.0 7.4 338 
4-5-23 MCH 1/2 0.02 6 51.6 8.8 550 
4-1-13 TOL 1/2 0.02 2 45.4 16.4 123 
3-30-23 TOL 1/2 0.02 4 99.1 18.4 465 
4-5-23 TOL 1/2 0.02 6 148.0 22.2 712 
4-1-19 AIR 4 1/2 1.00 2 17.1 8.2 69.5 
3-30-29 AIR 4 1/2 1.00 4 37.5 10.4 208 
4-5-29 AIR 4 1/2 1.00 6 55.0 11.6 359 

OI 
00 
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roughly intersect in a point. This would mean that the ratio of 

plates between any two components will be approximately the same 

for different column lengths. The possible value of this relation-

ship will be shown later. 

Figure 14 also indicates that the variation of the number of 

stages with column length may be represented by an expression of 

the form 

n = a+ bL 

where a and bare constants determined by the properties of the 

system. It appears that!. depends primarily upon column charac-

teristics, while~ depends primarily upon sample characteristics. 

In the distance-width equation, both "d11 and "w" can be ex-

pressed in time units rather than distance units. The conversion 

factor is the chart drive speed. 

The time 9 9Hej for helium to flow through a column of length L, 

will be given by: 

QHe = L/VHe (5) 

where: VHe = linear velocity of helium, cm/min 

VHe = F/A 

where: F = volumetric flow rate, cc/min 

A sectional of tube, 2 
= cross area cm 

For an empty tube, 

tube volume 
volumetric flow 

Since the tube volume will be decreased by the column packing, 

the actual volume will be given by (L) (A)(P), where P = porosity = 

v.olume of void space· therefore 
,total tube volume ; · 

QHe = (L)(A)(P)/F (6) 
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Let ¢.t. be the fraction of component "A" in the helium stream 
A 

at any time. Thus the time, QA' for component 11A11 to flow through 

the column will be: 

(7) 

~1_1 __ of the values necessary to calculate ¢ A are readily avail

able 9 with the exception of the porosity term. This term was found 

with the aid of a llacuum pump and a soap film flowmeter. The pro-

cedure listed below was used to find the column porosity. 

A section of quarter inch copper tubing was plugged at one end. 

The tubing was then cut to leave one foot of open length beyond the 

plug. The tube was then filled with packing and butted against 

another short piece of tubing connected to a valve. The two pieces 

of tubing were connected by a short piece of rubber tubing. The 

volume of the valve and short piece of copper tubing were determined 

by sealing the copper tubing 9 pulling a vacuum on the valvej closing 

the valve 9 and then connecting the valve to the soap film flowmeter. 

A bubble was placed in the flowmeter and the valve was slowly opened. 

The change in the position of the bubble in the calibration flow-

meter was taken as the volume of the valve and short piece of tubing. 

The effective volume of the void space was found in the same manner 

for the one~foot sectione of copper tubing filled with various 

packings. The pressure was alwaye taken down to 0.2 mm of mercury. 

In each case the volume of the valve and short section of tubing 

were subtracted from the values obtained. The final results are 

given in Table XII and are plotted in Figure 15. 



TABLE XII 

POROSITY CALCULATIONS 

Operating Conditions: 

Volume of value - 2.8 ml 
Volume of void 1 foot tube - 5.8 ml 
Inert packing - 35 to 80 mesh, Chromosorb Red 

Run % Liquid 
Number On Packing 

5-3-JA 0 

5-3-3B 0 

5-3-4A 5 

5-3-4B 5 

5-3-5A 10 

5-3-SB· 10 

5-3-6A 20 

5-3-6B 20 

5-3-7A 30 

5-3-7B 30 

5-3-8A 20 

5-3-8B 20 

Type of 
Liquid 

TCP 

TCP 

TCP 

TCP 

TCP 

TCP 

TCP 

TCP 

DNP 

DNP 

Volume of 
Filled Tube 

4.90 

4.90 

4.60 

4.55 

4.50 

4.50 

4.25 

4.30 

4.00 

4.05 

4.15 

4.15 

62 

Porosity, P 

.845 

.845 

.793 

.785 

.776 

.776 

.733 

.742 

.690 

.698 

.715 

.715 
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Effect of Parameters 

A series of tests were made to observe how¢ changes with 

various parameters. The first test was made to determine what 

would be the effect of different column lengths on ¢a All vari-

ables other than length were kept constant. The data for this test 

are given in Table XIII and are shown in· Figure l6o The method 

used in calculating the values of¢ is outlined as an example in 

Appendix B. 

The results tend to show what would be expected. Column 

length should have little or no effect on¢ once "equilibrium" has 

been obtained. On a very short column there would be some end ef-

fects, but as longer and longer columns are used the end effects 

should be less and less. One end effect factor would be the plugs 

of glass wool in the ends of the columns. 

A second test was made to determine what would be the effect 

of changing the concentration of the liquid phase on the packing. 

Again, all other variables except the one in question were held 

constant. The data are given in Table XIV and presented in Figure 

17. 

It would be expected that as the amount of stationary liquid 

phase in the column increases, the time that the components reside 

in the liquid would increase. The normal hexane curve in Figurel7 

brings this out. The air curve, since it goes through the column 

almost unaffected by the liquid, has a ¢ of approximately 1.0. No 

apparent reason can be seen for !8% variance in the¢ for air. 

The value of¢, approximately equal to 1.0, for ai~ would tend to 
', 

show that the porosity valves are in the right range. 



TABLE XIII 

EFFECT OF LENGTH ON ¢ 

Operating Conditions: 

Reference flow - 25 ml/min Measuring flow= 50 ml/min 
Outlet pressure - 760 mm Hg Chart speed - 4 1/2 in/min 
% liquid on packing - 20% Temperature - 210.2°F 

Run Column Sample Column Distance 9 Peak Width P/¢ Porosity 
Number Packing - Length 9 ft. nnn mm p 

4=1=18 TCP nC6 2 44 28o4 1.73 0.745 

3-30-28 TCP nC6 4 lOl 37.8 lo98 0.745 

4-5-28 TCP nC6 6 158 44.8 2.07 0.745 

5-10-8 DNP nC6 2 82, 19.0 3.20 0.735 

5-9-8 DNP nC 
6 

4 177 24.9 3.46 0.735 

3=31-8 DNP nC6 6 291 60.0 3.80 0.735 

4-1-11 TCP nC8 2 175 37.8' 6.88 0.745 

3-30-21 TCP nC8 4 412 44~2 8.12 Q_.745 

4-5-21 TCP nC8 6 612 50.4 8.01 0.745 

4-1-12 TCP MCH 2 137 29.7 5.38 0.745 

3-30-22 TCP MCH 4 306 33.3 6.00 0.745 

4-5=22 TCP MCH 6 464 39.6 6.08 0.745 

¢ 

0.430 

0.376 

0.360 

0.230 

0.212 

0.192 

0.108 

: · 0.092 

0.093 

0.138 

0.124 

0.122 

a, 
01 
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TABLE XIV 

VARIATION OF¢ WITH AMOUNT OF LIQUID PHASE 

Operating Conditions: 

Temperature - 210.2°F Chart speed - 4 1/2 in/min 
Measuring flow - 50 ml/min Reference flo.w -- 25 ml/min 
Outlet pressure= 760 Jilm Hg Column packing - TCP 
Column -length = 4 feet nc6 sample.- 0.007 ml 
Air sample - 1.0 ml 

Run ?1,Liquid Sample Distance Peak Widthi P/¢ Poros.ity 
Number By Weight mm mm p 

4--4-18 5 nC 
6 49.0 23.8 0.961 0.789 

4-5-8 10 nC6 62.0 30.0 1.220 0.776 

3-30-28 20 nC6 101.0 37.8 1.980 0.738 

4-5-18 30 nC6 138.0 49.8 2.710 0.684 

4=4=19 5 AIR 404.0 10.4 0.784 0.789 
--

4-5-9 10 AIR 38.0 10.6 0.745 0.776 

3-30-29 20 AIR 37.2 10.4 0.735 0.738 

4-5-19 30 AIR 32.8 10.2 0.643 0.694 

¢ 

0.820 

0.636 

0.373 

0.256 

1.007 

0.959 

1.003 

1.080 

0, 
...;a 
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A final group of test runs were made which correlated three 

variables. These variables were flow rate, type of liquid phase, 

and column temperature. The conditions and data are given in Ta

ble XV and the results are plotted in Figure 18. 

Noting first the results of flow variation, it would seem 

strange that as the flow increased, the amount of sample residing 

in the liquid would increase. It may be possible to explain this 

by saying the turbulence would be greater and the interfacial mass 

transfer rate 1would be increased. At high flow rates, the rate at 

which the sample enters and leaves the liquid is greater so that 

a truer value may be reached for the equilibrium saturation between 

the liquid phase and sample. 

The change in temperature in Figure 18 shows that as the co

lumn temperature is increased, the time a given component resides 

in the helium will be increased. Figure 18 also shows that by 

changing the liquid phase, different values of¢ may be obtained 

for a given flow rate and temperature. 

Application 

Rewriting the distance-width equation, 

w2 = 16d2 /n or w = 4d/vn 

but dA/(chart speed) = QA = LAP/F¢A, or 

dA = (LAP)(c.s. )/F¢A 

Substituting in (8) 

w = 4(L/vii"")(AP/F)(l/¢A)(c.s.) 

(8) 

(9) 

(lo) 



TABLE XV 

EFFECT OF FLOW, TEMPERATURE, AND LIQUID PHASE ON fd 

Operating Conditions: 

Reference flow - 25 ml/min Outlet pressure= 760 mm Hg 
Per cent liquid on packings - 20% Column length= 4 feet 
Sample-. 0.007 ml nc6 Chart speed - 4 1/2 in/min 

Run Column Measuring Temperature Distance, Width, P/fd 
Number Packing Flow, ml/min OF mm . mm 

3=29-8 DNP 25 210.2 269 85.4 2.64. 

3-28-8 DNP 50 210.2 147 46.2 2.88 

3-29-18 DNP 75 210.2 109 33.4 3.21 

3-29-28 DNP 100 210.2 87 25.4 3.41 

3~30-38 TCP 25 210.2 188 72.6 1.84 

3-30-28 TCP 50 210.2 101 37.8 1.98 

3-30-18 TCP 75 210.2 70 25.6 2.06 

3-30-8 TCP 100 210.2 59 20.4 2.31 

4-6-38 TCP 25 164.0 279 . 81.0 2.74 

4-6-28 TCP 50 164.0 161 45.6 3.16 

4-6-18 TCP 75 164.0 119 31.8 3.50 

4"'"_6-8 TCP 100 164.0 164 26.0 3.69 

Porosity 
p 

0.7~5 

0.735 

0.735 

0.735 

0.745 

0.745 

0.745 

0.745 

0.745 

0.745 

0.745 

0.745 

¢ 

0.278 

0.255 

0.229 

0.215 

0.404 

0.376 

0.362 

0.322 

0.272 

0.236 

0.212 

0.202 

-.J 
0 
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This equation gives what may be a satisfactory solution to a 

problem in modern gas chromatography. Mal;ly times in doing routine 

analysesj it is found: (1) that components are well separated but 

take a great length of time to pass through a column 1 and (2) the 

components in question are barely separated and for calculational 

purposes must be farther apart. This problem is pointed up by the 

use of automatic integrators. Distinct and separate curves must 

be available to use the integrators. On the other handj time is 

important and too long a column will involve wasted time and effort. 

The example shown below will be used to illustrate a possible use 

of equation (10) in the solution of this problem. 

Example 

Assume that the 20% TCP column is to be used under the ·condi-

tions shown in Table XL A large number of samples containing nor-

mal hexane and normal heptane need to be analyzed. To conserve 

time, the shortest column that will give complete separation will 

be used. The only information available is the relationshipi for 

air, of column length to number of theoretical plates. 

As a first attempt 9 a six foot TCP column was tried. The 

components were well separate9- and using the distance-width equa-

tion 1 one point for normal hexane and one for normal heptane were 

obtained at six feet for the column length-plate correlation. The 

following ratios were obtained. 

nc6 198 
AIR= 359 = 0.552 nC7 = 

AIR 
388 
359 = lv08 
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.The nwnber of plates for air at two feet is 69.5. Therefore, 

:nc6 - (69.5)(0.552) = 38.4 plates at two feet 

nc7 = (69.5)(1.08) = 75 plates at two feet. 

The value of¢ for each of the components is calculated as 

shown in Appendix Band based on the results of Figure 14. The 

values obtained were: 

~nC5 = 0.33 

Using the value of the number of plates obtained at two feet 

for nC6 and nC7 and the method shown in Appendix D 1 

dnc6 = 6.3 mm 

Using equation (10) 1 

wnc6 = 4.1 mm 

If these peaks do not overlap, then dnca + 1/2 wnc6 must be 

less than dnc7 - 1/2 wnc7 ° 

For nc6 , 6.3 + 2.05 = 8.35 

For nC7 9 10. B - 2. 5 = 8. 3 

Thus a two foot column could almost be used. 

An experimental run was made to check the solution of this 

problem and it was found that for a two-foot column 9 the two curves 

intersected just before the baseline. A four-foot column gave wide 

.separation of the two components. The actual length needed would 

seem to be between 2 and 2 1/2 feet. 

The preceding correlation would possibly be more useful in 

calculating in the opposite direction 9 that is, two peaks are only 



slightly separatedo How long must the column be to achieve com-· 

plete separation between the peaks? 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

Restatement of Thesis Goals 

lo Assembly and construction of the necessary gas chromatography 

equipmento 

2o Development of a hig;h pressure gas and liquid sampling systemo 

3. Determination of the accuracy of gas chromatographyo 

4. Development of theoretical correlations to aid in the use of 

chromatographic columns. 

Conclusions 

Equipment 

'l'he assembled equipment performed satisfactorily o The most 

difficult OJJeration was the control of the gas flow rate o The 

earlier runs were troubled by slight fluctuations from the helium 

cylinder pressure regulatoro These fluctuations were removed by 

the installation of a more sensitive regulator down stream from 

the cylinder regulatoro 

It was also necessary to accurately control the outlet pres-· 

sure of the chromatography column. 

Sampling Valve 

A valve was constructed and tested up to 400 psigo The valve 

has not been used in sampling since the high pressure equilibrium 
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equipment is not yet in use. 

Over-all Accuracy 

76 

It appears that the best results that can be obtained with the 

present gas chromatography equipment are no better than ::!: Oo2 per cent. 

Though all variables are important in the over-all accuracy, the 

greatest source of·error lies in the measurement of the curve areas. 

Theoretical1 Correlations 

The development of¢, the fraction of a component in the gas 

stream, as a correlating parameter looks very promising. This 

value may be used effectively in calculating the proper column 

lengths and operating conditions required to give a separation be

tween two components. 

Recommendations 

Equipment Alterations 

Since it was found very difficult to accurately calculate the 

area of the component curves, the installation of an automatic in

tegrator may give better results. 

Future Studies 

The¢ values present a good possibility for further work. One 

possible study would be the determination of¢ values from system 

·properties rather than from experimental results. 
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APPENDIX A 

LIST OF NOMENCLATURE 

A 
2 - area under a curve, mm 

2 cross sectional area 1 cm 

c.s. - chart speed 

D - diffusivity 

d - distance from injection point to middle of component peak 

df - film thickness 

d - average particle diameter 
p 

F - volumetric flow rate, cc/min 

F1 - fraction of cross section occupied by liquid 

F - fraction of cross section occupied by gas g 

HETP - height equivalent to a theoretical plate 

K - partition coefficient of the solute 

k' - K (F1 /F g ) 

L - length 1 feet 

MA - milliamp. meter 

MES - measuring detector 

m - mole fraction 

n - number of theoretical plates 

P - barometric pressure 

porosity 

Q flow rate of carrier gas 

REF -.reference detector 
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u - linear gas vel9city 

V - voltmeter 

lin,ear gas velocityll cm/sec 

w - width of component peak 

Z - compressibility factor 

Y - a correction factor accounting for the tortuosity of the 

gas channels 
.. 

Q - time 

~ - a quantity characteristic of the packing 

~ - fraction of a component in the gas stream at any time 

Subscripts 

A - component designation 

g - gas phase 

He - helium stream 

i individual component 

1 - liquid phase 

r - reference run 

s - sample run 



APPENDIX B 

SAMPLE CALCULATION 

Determination of ¢ Values and Component Peak Widths 

For a 2 Foot Column 

Operating Conditions: Same as Table XI 

Theoretical Plates: AIR - 6 ft= 359 

AIR - 7 ft = 69.5 

nC6 - 6 ft = 198 

nC. -
7 6 ft = 388 

Distance, mm: nC6 - 6 ft = 19.0 

nC7 - 6 ft = 32.5 

Step 1. Determination of ¢nc5 and ¢nc7 using a 6 foot 

column. 

dA = (LAP)(c.s. )/F¢A 

p = 0.738 

LA Volume = 33,400 3 
= mm 

c.s. = 1/2 in/min = O. 212 mm/sec 

F = 50 cc/min= 833.3 mm3/sec 

3 
¢A,= 

(33.400mm )(0.738)(0.212 mm/sec) 
(833.3mm3/sec) (dA) 

¢A = 6.28 mm/dA 

fi1ncg - 6.28/19 = 0.33 

fi1nC7 = 6.28/32.5 = 0.193 
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Step 2. For the 6 foot column, the following plate ratios 

at-e obtained. 

nC6 
AIR= 

198 
356 = 0.552 

nC7 
AIR = 

388 
359 = lo08 

Step 3. The number of plates for air for a two foot column 

is 69.5; therefore 

nC6 = (0.552)(69.5) = 38.4 plates 

nc7 = (1.08)(69.5) = 75 plates 

Step 4. For the two foot column, solve: 

dA = (LAP)(c.s.)/F¢A 

Step 5. Solve for peak width by using 

WA 

WnC6 

WnC7 

= 4(1//"it)(LAP/F)(l/¢A)(c.s.) 

= (4)(11.100 mm3 )(0.738)(0.212 mm/sec) 
(833.3 mm3/sec) (vn)(¢A) 

= a. 35/(vnH¢ 1J 

= 8.35/(J38.4) (0.33) = 4.1 mm 

= 8.35/(\1'75)(0.193) = 5.0 mm 

Step 6. Check to see if curves overlap: 

for nC6 = 6.3 + 2.05 = 8.35 

for nc7 = 10.8 - 2.5 = 8.30 

Thus the peaks should just touch. 
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APPENDIX C 

SYRINGE CALIBRATION DATA 

TABLE XVI 

10 MICROLITER SYRINGE CALIBRATION 

Maximum Syringe Volume - 0.01 ml 

Temperature - 25.8°C Mercury Density - 13.5335 g/ml 

Syringe Syringe Difference from Calculated 
Reading Weight, grams Zero Volume Reading, Volume, ml 

grams 

0.010 10.8475 0.1305 0.0096420 

0.008 10.8219 0.1049 0.0077511 

0.006 10.7955 0.0785 0.0058004 

0.004 10.7694. 0.0524 0.0038719 

0.002 10.7430 0.0260 0.0019212 

0.000 10 .. 7170 0.0000 0.0000000 

0.010 10.8480 0.1307 0.0096575 

0.000 10.7173 0.0000 0.0000000 
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TABLE XVII 

50 MICROLITER SYRINGE CALIBRATION 

Maximum Syringe Volume - 0.05 ml 

Temperature - 26.2°C Mercury Density 13.531 g/ml 

Syringe Syringe Difference from ·Calculated 
Reading Weight 9 grams Zero Volume Reading, Volume~ ml 

grams 

0.05 15.9617 0.6857 0.5067 

0.04 15.8251 0.5491 0.4058 

0.03 15.6874 0.4114 0.3040 

0.03 15.5510 0.2750 0.2032 

0.01 15.4130 0.1370 0.1012 

o.oo 15.2760 0.0000 0.0000 

0.05 15.9610 0.6854 0.5065 

0.04 15.8226 0.5470 0.4042 

0.03 15.6860 0.4104 0.3033 

0.02 15.5485 .·. 0.2729 0.2017 

o.oo 15.2756 0.0000 0.0000 
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TABLE XVIII 

100 MICROLITER SYRINGE CALIBRATION 

Maximum Syringe Volume - Ool ml 

Temperature - 26o2°C 

Syringe 
Reading 

.10 

.09 

.08 

.07 

.06 

~05 

.oo 

Syringe 
Weight, grams 

14.6933 

14.5586 

14.4231 

14.2885 

14.1498 

1400138 

14.3465 

Temperature - 25.6°C 

.10 14.6959 

.07 14.2880 

.05 14.0147 

.oo 13.3483 

,temperature - 25.6°C 

.10 

.02 

.oo 

14.6933 

13.6130 

13.3470 

Mercury Density - 13:. 531 g/ml 

Difference from 
Zero Volume Reading 

grams 

1.3468 

1.2121 

L.0766 

0.9420 

0.8033 

0.6673 

0.0000 

Calculated 
Volume, ml 

0.99534 

0.89579 

0.79565 

0.69617 

0.59367 

0.49310 

0.00000 

Mercury Density..; 13.533 gt/ml 

1.3476 0.99579 

0.9397 0.69438 

0.6664 0.49243 

0.0000 0.00000 

Mercury Density - 1;3~ 5330 g/ml 

1.3463 

0.2660 

0.0000 

0.,99483 

0.,19656 

0.00000 
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