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ABSTRACT

The primary purpose of this study was to improve 
gas sampling techniques and to refine the calibration 
data for the application of the principles of gas chroma
tography to the analysis of combustion products from The 
University of Arizona Combustion Tunnel.

By extensive calibration of the gas chromatography 
apparatus and by the construction of a sampling apparatus, 
combustion products from the combustion tunnel were ana
lyzed and consequently air-fuel ratios were calculated 
with a high degree of accuracy.

The procedure employed was to use known mixtures 
of pure gases and to record on an electronic recorder the 
response of the gas chromatography apparatus. Gases used 
in the calibrating mixtures were: Hg, O2, Ng, CĤ , COg, 
and CO.

Known techniques, procedures, and methods were 
utilized to identify the composition of the products of 
combustion extracted from the combustion tunnel.

The secondary purpose of this study was to extend 
the capability of the existing chromatography apparatus 
to the detection of selected hydrocarbons of the paraffin 
and olefin families,

xi



xii
It was verified that propane (C^Hg) was selec

tively retained on the original equipment,
Finally, established principles and techniques 

were employed to construct and test chromatographic 
columns with selective retardation capabilities on the 
olefins. Pentene (C^H10) and octene (CgH^) were used for 
this phase of the study.



CHAPTER I

INTRODUCTION

When F. F. Rung®, a German dye chemist, developed 
a separation process known today as paper chromatography, 
the general term chromatography had its beginning. No 
significant advancement in chromatography appeared in the 
years from the time of Range (1850) until Tswett separated 
colored pigments from plant material in 1906. Tswett 
accomplished his separation on the first recorded form 
of column chromatography (11)*. Since the turn of the 
century, the science and/or art of gas chromatography 
has developed steadily, owing to its versatility and 
usefulness in qualitative and quantitative analysis. The 
characteristic of gas chromatography that has been exploited 
extensively is its ability to separate mixtures into its 
components.

Chromatography is a method of analysis in which 
a mobile phase promotes the separation of a mixture of 
substances by differential migration as the mixture is 
carried over a stationary phase. The moving phase may be

* Numbers in Parentheses refer to References.
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2
either a gas or a liquid. The stationary phase may be 
either a solid, which possesses adsorption properties, or 
a liquid with adsorption characteristics distributed as a 
thin film over an inert solid support which helps to 
increase the surface area of contact (3).

In accordance with the nomenclature recommended 
during the Symposium on Gas (Vapor Phase) Chromatography, 
London, May-June, 1956, one may speak of Gas-Solid Chroma
tography (G.S.C.), Gas-Liquid Chromatography (G.L.C.}, 
Liquid-Solid Chromatography (L.S.C.), and Liquid-Liquid 
Chromatography (L.L.C.) (7). For the purposes of this 
study, only G.S.C, and G.L.C. will be utilized.

Gas-Solid Chromatography means that the mobile 
phase is a gas and the stationary phase is a solid. Simi
larly, Gas-Liquid Chromatography utilizes a gas as the 
mobile phase and a liquid film on a solid support as the 
stationary phase.

All substances which are soluble, volatile and 
will not react or be decomposed when brought into contact 
with the mobile phase or stationary phase may be examined 
by Chromatography (3).

Theoretically, the principles and techniques of 
gas chromatography could be applied to the analysis of 
gaseous mixtures that are of interest to other experimen
ters working in the areas of gas dynamics and of flame 
studies (3). Captain J. D. Hocker, United States Air



Force, initiated this development by demonstrating the, 
feasibility and by making calibrations with several gases 
in 1962-1963. Captain Hooker's thesis is an excellent 
study, in general, of Gas Chromatography and, in particu
lar, of the allied equipment* employed by the Department 
of Aerospace and Mechanical Engineering at The University 
of Arizona for gas chromatography analysis.

The need for more extensive calibration and for 
more documented data became apparent during the latter 
part of 1963. Also, in order to more closely support 
studies in the area of flame front stability, the need 
arose to develop apparatus for the capture and analysis of 
the products of combustion of the combustion tunnel at 
The University of Arizona. With the aid of stoichiometric 
calculations, air-fuel ratios were verified to a high 
degree of accuracy. This will be shown in this thesis by 
utilizing G.S.C.

As science and industry make their significant con
tributions to better our civilization, certain undesirable 
side effects are inadvertently created. One of these 
effects that has become a significant hazard to the 
advancement of our industrial society is the phenomenon 
called smog. Extensive studies have been undertaken with 
the objective of eliminating this hazard (10). Recently, 
it has been discovered that the olefin family ( )  of 
the hydrocarbons contributes to smog (10) (1). As early



as 1959, Stuart M. Kadas mentioned Gas Chromatography 
as a practical tool in air pollution studies (5). It was 
with these facts in mind that the second objective of this 
thesis was formulated. A liquid column was constructed 
with the capability of separating the olefins pentene 
(C5H10) anci octene (CgH^), This was accomplished utiliz
ing the method of G.L.C.



CHAPTER II

THEORY

The theory presented in this study will be limited 
to that which will affect the areas under consideration as 
explained in Chapter I. For a more encompassing treatment 
of the theory for Gas Chromatography the reader is 
referred to (11), (4), (3), (7), and (12).

1. Elution Development
In Elution Development the mixture that is to be 

analyzed is brought into the entrance of a chromato
graphic column containing the stationary phase. The 
sample that is introduced is carried onto the.bed of the 
stationary phase by the mobile phase that, preferably, 
has inert chemical characteristics. The mobile phase in 
this study is a gas; therefore, we will refer to it as 
the carrier gas.

The components of the mixture will distribute 
themselves in an orderly manner between the moving phase 
and the stationary phase, depending on their absorptivity 
for the stationary phase. The molecules of the constitu
ents which have less absorptivity for the stationary 
phase will be transported through the column faster and



will emerge in accordance with the relative time spent on 
the stationary phase (12).

One undesirable characteristic with elution devel 
opment is that constituents which are strongly adsorbed 
by the stationary phase require considerable time for 
detection (7)* A more thorough discussion will be pre
sented later in this chapter with the objective of mini
mizing this characteristic.

Once the mixture has been separated into its con
stituents , the components will be passed through a detec
tor. Several devices are available as detectors (4).
In this study, only thermal conductivity detection will 
be used. For a thorough discussion of thermal conduc
tivity detectors and, in particular, for a discussion of 
the detector utilized in this study, the reader is 
referred to (4)•

Initially, pure carrier gas is passed through 
both sides of the thermal conductivity detector, which 
is essentially a Wheatstone Bridge circuit. The bridge 
will be in balance, sensing the same carrier gas on both 
sides.

As a combination of carrier gas and a component 
of the sample is allowed to pass from the chromatographic 
column to one side of the detector cell, an out-of- 
balance potential will result from the difference in the
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thermal conductivity of the gases flowing on opposite legs 
of the bridge. It is this potential which is amplified 
and recorded on the electronic recorder (7).

A differential chromatogram for one ideal con
stituent of the elution development technique is shown in 
Fig. 2-1.

/RzfTKA/r/Ozy 7/W,£-

Fig. 2-1. Chromatogram for an Ideal 
Elution Component

(a) OCFBGD - Base line or zero line.
(b) CHEJD - The peak that recorder will indicate when a 

component passes through the thermal conductivity 
detector.

(c) Peak Area - That area enclosed between the base,
CD, and the curve, CHEJD.

(d) Peak Width - That part of the base line that is inter
cepted when tangents are drawn through the inflection



points on both sides of the peak.
(e) HJ - Peak width at half-height.
(f) Retention Time - OB, the time which has elapsed 

between the injection of a sample into the chromato
graphic apparatus and the emergence of the peak 
maximum on the strip chart of the electronic recorder.

The recorder, if operating properly, will record 
only the base line when pure carrier gas is passing through 
both sides of the thermal conductivity cell (4)♦

The retention time of a particular peak is a 
direct indication of the individual component (3).

An indication of the quantity of a particular con
stituent of a mixture is the peak area. Since the area 
is a function of thermal conductivity of the component, 
flow rate of the carrier gas, column temperature, and 
effectiveness of the chromatographic columns, the peak 
area must be multiplied by a proportionality constant in 
order to arrive at the quantity of the constituent (7)•

2 * Discussion of Carrier Gas
Theoretically, the carrier gas may be any gas 

which may be easily distinguished in the detector from 
any constituents of the mixtures. Prom previous studies, 
the most common gases used as the mobile phase are: 
helium, argon, nitrogen, carbon dioxide, or hydrogen.
Before making a final decision on which gas to use, one



must take into consideration several properties. These
properties are: viscosity, diffusivity, thermal conduc
tivity, safety, and the adsorptivity of the gas on the 
stationary phase (4) (12). The last property will be 
discussed more fully later in this chapter. At best, 
then, the final selection of a carrier gas will be a com
promise.

The most important characteristic of a carrier gas
is its relative freedom from being adsorbed by the sta
tionary phase. With this in mind, the selection of a 
carrier gas was narrowed to hydrogen and helium (4)• 
Since helium is safer than hydrogen, it was selected as 
the carrier gas in this study.

Thermal conductivities (K’s) of the gases used 
in this thesis are listed in Table 2-1.

Table 2-1 (3)
Thermal Conductivity of Gases 

Name of Gas Thermal Conductivity, K
(B hr'1, FT'1. F-l)

32°F 212°F
Hydrogen
Helium
Methane
Oxygen
Nitrogen
Carbon Monoxide
Carbon Dioxide

0.0990.082
0.0175
0.0141
0.0141
0.01350.0081

0.124
0.097
0.0181
0.0179
0.01740.0121



3• Discussion of Curve Distortion
10

MAs the separate components of an unknown sample 
are carried onto the stationary phase, an equili
brium relationship for each component will be 
established between that concentration of the 
component adhering to the stationary phase and 
that still left in the moving phase. This rela
tionship may be expressed as an equation which is 
called the isotherm of interaction between the 
two phases. The word 1 isotherm’ implies that 
the temperature must be constant for this equa
tion to hold. The simplest form of this equa
tion would be a linear relationship in which the 
concentration in the mobile phase, (c}, and the 
concentration in the stationary phase, (q) are 
related by the following equation:

P = dq
dc

wherep is a proportionality constant.11 (4).

From the equation for the isotherm of interac
tion, it is apparent that a linear isotherm would indi
cate that the output of a particular component would have 
an identical shape as that of the input. The results of 
this linearity is a graph that follows very closely that 
of a normal distribution. See Fig. 2-2.

When the isotherm of interaction between the two 
phases becomes non-linear, this situation is indicative 
of the following: 1. The concentration in the station
ary phase, (q), falls below that corresponding to the 
simple proportionality of that concentration in the mobile 
phase, (c); 2. The concentration in the stationary phase, 
(q), exceeds that in the mobile phase, (c), (4). In
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practice, the isotherm of interaction is more often non
linear than linear. See Fig. 2-2.

Ideal

q

c

Case 1

q

c

Case 2

q

Fig. 2-2. Typical Isotherms and Corre
sponding Chromatograms (12).



Case 1 in Fig. 2-2 represents the case where there
is heavy concentration on the aft (closest to detector) 
part of the stationary bed. Hence, this distribution is 
represented by a skewed chromatogram with trailing 
effects. The reverse case is shown in Case 2.

4. Retention Time

Practice of Gas Chromatography, gives equations for reten
tion time. In the interest of attaining the most rapid 
analysis possible consistent with clarity and accuracy, 
a full understanding of these equations is of importance.

la = Volume of mobile phase in column 
B - Constant
C ~ Constant
Fc = Flow rate of carrier gas
Q = Heat of adsorption of component on adsorbant3.

(a negative quantity)
Qs = Heat of solution of the eluted gas in the 

liquid phase (a negative quantity).

Robert L. Pecsok in his book, Principles and

The equations are:

To - e"Sa& Tp Y>rn
— ( <3Fc RT (G.S.C.) (2-1)

(2-2)

where



R = Gas constant 
T = Absolute temperature 
= Retention time

As noted in (12) - Qv, the negative of the heat 
of vaporization of the constituent, may be substituted 
for Qss when the solution is ideal. We will base our 
discussion on an ideal solution assumption. The correc
tion factor in equation 2-2 is due to expansion of the 
liquid phase (12).

From equations (2-1) and (2-2) it is seen that T% 
is inversely proportional to carrier gas flow rate, dir
ectly proportional to column length and exponentially 
proportional to the inverse of the absolute temperature.

(a) The Effects of the Carrier Gas on T%:

According to equations (2-1) and (2-2), the 
only effect of the carrier gas would be to change either 
the heat of solution or the adsorption on the stationary 
phase and thus T̂ . The effect may be appreciable since 
the dependence is exponential (12).

Qualitatively, if carrier gas is adsorbed on a 
solid column, one would expect the retention time of a 
component of the sample to be reduced. If adsorption 
sites can also be occupied by adsorbed carrier gas, then 
the total amount of surface area of the sorbent bed will 
be reduced. Hence, the effective length of the column
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will be reduced, and thus the retention time will be 
reduced as predicted by equation (2-1).

^For'gas—liquid, chromatography the more cryogenic 
carrier gases such as helium, hydrogen, argon, or nitro
gen will be negligibly soluble in the liquid phase and 
will thus not effect (sic) the heat of solution.” (12).

For this particular study, then, the effects of 
the carrier gas are practically non-existent since, (a) 
only one carrier gas (He) is used, and (b) He is negli
gibly soluble in liquid or solid columns.

(b) The Effects of Carrier Gas Flow Rate on 
Retention Time
From the equations (2-1) and (2-2) it is 

obvious that is inversely proportional to the flow 
rate of the carrier gas. From this consideration, one 
would conclude that T% would decrease as flow rate is 
increased. Even though this would decrease T%, one must 
consider the possibility of two adjacent peaks overlap
ping on the chromatogram. For more complete separation 
of adjoining peaks, one would decrease the flow rate 
and, hence, increase T̂ . There is, however, a practical 
limit to the reduction of carrier gas flow rate because 
diffusional peak spreading may become so severe that 
separation is in reality not improved. These ideas 
are depicted in Fig. 2-3•
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•
tA, AA / «

A
I ! 1
■ \ / \

. / _ V . / \

Flow rate too high Proper flow rate

Flow rate too low

Fig. 2-3. Elution curves of adjoining gases 
for different carrier gas flow 
rates.

(c) The Effects of Temperature on Tr
As defined by equations (2-1) and (2-2), 

is exponentially proportional to the inverse of the abso
lute temperature. Therefore, the temperature effect is of 
major importance to T% compared with the other variables in 
the equations
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Generally, for a particular component to be 

analyzed, an increase in temperature will decrease the 
retention time. Therefore, in the interest of achieving 
minimum time for analysis, the highest temperature pos
sible is desired.

When more than one constituent is of interest in 
the analysis, one must consider the range of boiling 
points of the constituents and the overlapping effect 
that is possible when the temperature is increased (12).

The following figure illustrates the desirable 
effects of increased column temperature; that is, mini
mizing the time for analysis. The figure also shows 
the undesirable effect: that is, overlapping of elution 
curves due to increased column temperature.

The conclusion that must be made from the pre
vious discussion and Fig. 2-4 on the effects of column 
temperature on T^ and distribution is that a compromise 
temperature must be sought so that there is enough dis
tribution on the chromatogram to prevent overlapping and 
also to reduce the time for complete analysis to a mini
mum.
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T^aT r/y'/f

A
&

C + D
A

A .

< f o  L u<y// P  / < T / ^ / S  u  r/O A/ C  A  A  O /V> /v T O  6  z ?  /4 /<7

Fig. 2-4. Effect of column temperature on 
the resolution of a wide range 
sample (12).
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5, The Van Deempter Equation - An Indication of Column

Effectiveness
The plate theory (12) provides a useful means of 

demonstrating liquid column effectiveness, but it does 
not help the experimenter to decide how to operate his 
column so as to obtain best column effectiveness (12).

The Yan Deempter Equation (12)
1 2HETP = ZAdp + 2% D + 8K______  df u (2-3)

where
A = Measure of packing irregularity 
dp = Average particle diameter.
V = Correction factor for tortuosity of inter- 

particle spaces.
Dgas “ Diffusion coefficient of solute in gas phase.

= Fraction of sample in liquid phase divided by 
fraction of sample in gas phase. 

df = Average thickness of liquid film.
Dliq " Diffusion coefficient of solute in liquid 

phase.
ti = Linear gas velocity 

HETP = Height equivalent to a theoretical plate.

Simplified, the Van Deempter equation is (9):

HETP = A + 8 (~) + Cu (2-4)
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where

A = Eddy diffusion
B = Molecular diffusion 
u
Cu = Resistance to mass transfer

From the definitions of the parameters that make 
up the Van Deempter equation, it is obvious that the data 
necessary to calculate the HETP from the equation will 
generally not be available. However, it has been deter
mined that low values of HETP correspond to most effec
tive column operation (12).

In practice, HETP of a liquid column is obtain
able with the use of the following equation (11) (4)
(12):

.n = 16 (Jij)2 (2-5)
where

Tr = Retention time
a T = The time of the peak base measured at the

points where the extended tangents intersect 
the base line 

n = number of plates.

Hence, we may obtain the HETP by dividing the effective 
column length by n.
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HETp- f ' i r W  ,2-61
a T

It is worthwhile to note that HETP generally 
decreases with increasing Tr . However, if is increased 
by increasing the effective length, the latter effect will 
be to increase the HETP.

In terms of the equation (2-1+), the Van Deempter 
equation versus the linear gas velocity plots to the 
following (11), 12):

Molec-X 
ular \ 
Diffu- \ 
sion Resistance to 

Mass Transfer

Eddy Diffusion (Independent of Gas Velocity)

opt Gas Velocity
Fig. 2-5. HEPT vs. gas velocity.
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From this plot we see that there is a character

istic velocity, U0pt, which will provide the best column 
effectiveness. This velocity is best obtained experimen
tally. However, for U0pp

achieved with little consideration of liquid column 
effectiveness, The theory was presented to obtain a bet
ter understanding and a more complete appreciation for 
the variables that are present and their effects. The 
experimenter will find this information invaluable when an 
occasion arises where more effectiveness is required for a 
particular analysis or when a change in a particular var
iable becomes unavoidable.

d(HETP) , _ B_ + c - 0
du u

(2-7)

In practice, most analytical separations are



CHAPTER III

DESCRIPTION OF APPARATUS

1, Basic Apparatus
In order to apply the principles and techniques 

of gas chromatography, one must start with apparatus that 
is characteristic of any gas chromatography device. This 
consists of four basic components: (a) a carrier gas 
supply and flow control, (b) a sample port and a means of 
introducing the sample, (c) the column, and (d) the detec
tor. These are shown schematically in Fig. 3=1 (11).

Carrier Gas 
Supply

Pressure
Control   1 ^ —

Manometer
Controlled Temperature

? 7 ~/~ 'r 7— 7 t — ? 7-— 7 y-~T -~7- ~ j ~ y  7 — / T  ? /

Sample 
/ Port

L<~ Reference
Column

--->—
Sensor

 & U  -X - Z..-/L— _ _ / _

Recorder

, L.

Brijd̂ e
i i 
i I

- i :

To Flowmeter 
and collec
tor

Fig. 3=1. Essential Components for Practical 
Gas Chromatography (11).
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As a comparison, the apparatus used for this study 
will now be presented and described,

2. Vapor Phase Analyzer
A Genco No. 70130 vapor phase analyzer was the 

major piece of equipment used in this study. The main 
components of this analyzer are: an oven, two chromato
graphic columns, a pressure regulator, a flowmeter, a 
gas sampling valve, a thermal conductivity cell, and 
controls for adjusting oven temperature, thermal conduc
tivity cell sensitivity, and electrical signal output 
(A)• See Fig. 3—2.

A 6-volt battery was connected into the electri
cal circuit to improve base line stability. This replaced 
the rectified B.C. power supply contained in the analyzer 
which had undesirable amounts of drift from the base line 
for high sensitivity operation.

The chromatographic columns may be commercially 
ordered directly from the Central Scientific Company, Los 
Angeles, California, or may be hand packed by the experi
menter. Two commercially prepared columns were used in 
this analysis. They were: Ceneo columns No. 70132-4 
(Linde Molecular Sieves 5A) for GSC of 1/4" 0. D. and 
approximately 10? in length, and Genco column No. 70132- 
18 (Silica Gel) for GSC of 1/4® O.D. and approximately 10? 
in-length. Furthermore, three columns were constructed by
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the experimenter utilizing the hand packing methods 
although no calibration was attempted on these columns.
The hand packed columns were: (a) Linde Molecular Sieves 
5A (GSC) of 3/I6" I.D. and 113” in length; (b) Silica Gel 
(GSG) of 3/16” I.D. and 126” in length; (c) Dimethylsul- 
folane (GLG) of 3/16" I.D. and 121-1/2” in length.

The need for constructing a second molecular 
sieves column and a second Silica Gel column became appar
ent when the original Genco column No. 70132-4 was ren
dered ineffective because of irreversible adsorption of 
propane. The dimethylsulfolane column was constructed to 
provide separation of the olefins. The savings accrued 
by hand packing columns against ordering ready-made col
umns is.substantial.

A Manostat Corporation Predictability Flowmeter, 
No. G-9143-0, was used to measure the flow of the helium 
carrier gas (4)•

The gas sampling valve was so constructed that 
loops which trap gas samples may be replaced by loops of 
different volumes. The volume of the loop used in this 
study was 2.5 cubic centimeters (4).

A 1/4 cubic centimeter tuberculin syringe from 
the Becton Dickinson and Company was used to introduce 
liquid samples of the olefins. However, since the 
syringe was graduated, only samples of 1/32 cubic centi
meters were used.
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As was mentioned earlier, the thermal conduc

tivity cell was basically a Wheatstone bridge.
A complete description of the operating charac

teristics of the control knobs may be found in the Vapor 
Phase'Analyzer instruction manual,

3. Recorder
The electronic recorder used to record the out

put signal of the detector cell was a Minneapolis- 
Honeywell Electronic recorder, model 153247. The recor
der was equipped with a built-in continuous integrator.
The recorder was set to give a full scale deflection with 
a signal of two millivolts. A chart speed of two inches 
per minute was found satisfactory. At this chart speed, 
the ratio between integrated area and integrator reading 
was one square inch per integrator reading of 12.5 (4).

4- Sampling Products
Hydrogen, oxygen, nitrogen, methane, carbon 

dioxide, and carbon monoxide were used for calibration 
purposes. A cylinder of helium was used to supply the 
carrier gas. Pentene (technical grade) in liquid state 
and octene (practical grade) in liquid state were obtained 
from Distillation Products Industries, Rochester, Mew 
York, for testing the separation power of the dimethyl- 
sulfolane column.



5. Sampling Apparatus
In order to capture and introduce a sample of 

combustion products from the combustion tunnel to the 
vapor phase analyzer, a sampling apparatus was construc
ted.

A vacuum pump rated at 5-1 cubic feet per minute 
was utilized to draw the products from the combustion 
tunnel to the sampling loop in the vapor phase analyzer. 
The vacuum pump was connected to the outlet of the 
sampling loop of the vapor phase analyser. See Fig. 3-3 
Also used in this apparatus was a stainless steel tube 
of 1/8** I.D. The stainless steel tubing was found to 
withstand the intense heat generated in the combustion 
tunnel. Appropriate tubing was used between the stain
less steel tubing and the sampling port of" the vapor 
phase analyzer. See Pig. 3-3•
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Fig 3-2 Chromatographic Circuit (4)
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CHAPTER IV

LABORATORY PROCEDURE

1. Obtaining Constants of Proportionality and Retention 
Times

Even though the constants of proportionality 
(integrator reading divided by the percent of gas by 
volume) and the retention times of different gases had 
been previously measured (4), new data were required for 
calibration of the second Cenco Molecular Sieves column.

To obtain the proportionality constants, plots of 
integrator reading versus known percent of gas by volume 
were obtained. To accurately determine the volume of 
gases at atmospheric conditions, a calibrating column 
and leveling bottle were used as in Fig. 4-1.

The volume between the two-way valve and the top 
mark on the calibrating column was measured and found 
to be 37.2 milliliters. The procedure for trapping a 
known quantity of gas is as follows: (a) The leveling
bottle was raised so as to raise the level of the solu
tion in the calibrating column to the two-way valve,
(b) Turn two-way valve to atmosphere, (c) Introduce gas 
from cylinders through the gas sample inlet, purging

29



30

Leveling; Bottle

Solution of 
Sodium Sulfate, 
Sulfuric Acid, 
and Water  -

n

vv

Gas Sample 
Inlet or Outlet

Two-Way Valve 
Open to Atmosphere

Gas Calibrating 
•Column

W

W
■Ring Stand

Fig. 4-1. Calibrating Column and Leveling Bottle (4)

the connecting line by emptying gas through the two-way 
valve to atmpshere, (d) Turn two-way valve to allow pure 
gas into calibrating column, (e) As desired volume is 
approached, turn two-way valve again to atmosphere, (f) 
Lower the leveling bottle until levels of liquid solution 
in both the leveling bottle and the calibrating column 
are equidistant from base of ring stand, (g) Read volume 
of gas at atmospheric conditions, (h) Apply steps 1 
through 7 until desired volume is trapped



31
The present writer used mixtures of H2 and CO2,

C>2 and CO, and CH^ and to establish the desired plots. 
\t the same time, lead-out times (the time at which a 
constituent first starts to pass through the thermal 
conductivity cell) and retention times were noted with 
the aid of a stopwatch.

Fig. 4-2 is a typical plot of integrator reading 
versus percent by volume.

40
%  M L  uais

ao 50

Fie. 4-2. Typical plot of Integrator Reading 
Versus Percent by Volume.
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Experimental data are shown in Appendix A. The reten
tion time and the lead-out times are tabulated in Appen
dix B.

2. Analysis of Unknown Samples of Combustion Products
After the constants of proportionality were 

experimentally derived and the retention times established, 
the necessary data were available to be applied to quali
tative and quantitative analysis of unknown samples of 
the products of combustion.

The sampling apparatus was set up as shown in 
Fig. 3-3« The vacuum pump was turned on to start drawing 
gases from the combustion tunnel through the connecting 
line, through the sampling loop, to the vacuum pump and 
finally to atmosphere. Valve "A1* in Fig. 3-3 is open at 
this time. Since the combustion gases are not yet 
ignited, an opportunity is available to check the stain
less steel tube to ascertain that the vacuum pump is 
drawing gases.

After the gases have been ignited, the vacuum x 
pump is allowed to purge the line. While long purging 
times are desirable to assure purity, the purging time 
is limited because one side of the combustion tunnel is 
plate glass and could possibly be destroyed by the-intense 
heat radiated in the tunnel. A purging time of 1 minute 
and 45 seconds is allowed for programmed air-fuel ratios
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in the range of 16/1 to 21/l. For air-fuel ratios greater 
than 2l/l, 2 minutes and 45 seconds are allowed.

At the conclusion of the purging time, valve nkn 
is turned 90 degrees to isolate the vacuum pump and to 
reduce to zero the pressure differential in the line from 
valve RAM to the combustion tunnel This usually takes 
less than 15 seconds. At this time, the gas sampling 
valve is turned to place the gas sampling loop into the 
line in which the carrier gas is flowing and the stopwatch 
is started.

By a series of independent chromatographic analy
ses, it was definitely established that the products of 
combustion taken by burning propane at air-fuel ratios 
from l6/l to 23/I contained no methane, carbon monoxide 
nor unburned propane. Therefore, the analysis of the 
combustion products was simplified somewhat by limiting 
attention to oxygen, nitrogen, and carbon dioxide. The 
analysis was based on a dry gas basis since the chromato
graphic apparatus is incapable of detecting water.

As the gas sample commenced its journey through 
the chromatographic circuit, both the silica gel column 
and the molecular sieves column were left in series. The 
silica gel column allowed oxygen and nitrogen to pass to 
the molecular sieves column but.retained the carbon dioxide. 
The molecular sieves column is used specifically to sep-I
arate oxygen and nitrogen. Oxygen emerges at about



4 minutes, then nitrogen passes the detector at 6 minutes 
and 35 seconds. After the nitrogen has read out on the 
chromatogram, the molecular sieves column is isolated 
from the circuit. This is done by opening the by-pass 
valve and closing valves ,8lt9 and. "2" in Fig. 3-2. This 
should be accomplished no later than 8 minutes from the 
time the sample was introduced to the carrier gas. The 
reason'the molecular sieves column is isolated at this 
point is that carbon dioxide is irreversibly adsorbed on 
the molecular sieves. The detector then senses carbon 
dioxide at 9 minutes and 5 seconds.

The time at which each component passes the 
detector is a direct indication of the presence of that 
particular component. The integrator reading for that 
component leads to the determination of its quantity.

In order to obtain peak heights high enough to 
insure integrator readings that were as accurate as pos
sible, the following sensitivities were used: Og - sen
sitivity of 4, Ng - sensitivity of 3, COg - sensitivity 
of 6. The column temperature used was 60°C and an inlet 
pressure of 22.0 psi was used throughout the analysis. 
This inlet pressure provided a flow rate of 47.5 milli
liters per minute with both columns in series, and 143 
milliliters per minute with the molecular sieves column 
isolated from the chromatographic circuit.



3. The Detection of Propane
It has been stated earlier in this thesis that 

propane was detectable in the chromatography apparatus 
used. In (2), S. A. Greene demonstrated this capability 
using a silica gel column. Therefore, propane was exper
imentally detected at 37 minutes with a flow rate of 150 
milliliters per minute provided by an inlet pressure of 
19.0 psig and a column temperature of 40*0. At a flow 
rate of 121 milliliters per minute provided by an inlet 
pressure of 14.0 psig and a column temperature of 144*0, 
the retention time of propane was reduced to 5 minutes 
and 35 seconds. No calibration for the constant of pro
portionality was determined since it was established 
soon after that propane was not present in the products 
of combustion.

4. Constructing the Liquid Column
The objective in building a liquid column was to 

establish a uniformly thin film of the liquid on a solid 
support. After attaining this distribution of liquid 
on solid, the resulting particles were to be packed 
uniformly throughout the aluminum column of 3/l6" I.D. 
and 121” in length (6), (11).

As recommended by Dr. Roy A. Keller in (6), the 
ratio of liquid to solid was to be 1/3 by weight. The 
liquid phase obtained from Analabs Incorporated, Hamden,
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Connecticut, was dimethylsulfolane as recommended by (9). 
The solid support used was "Chromosorb Pn purchased from 
the Central Scientific Company, Chicago, Illinois.

Fifty grams of dimethylsulfolane was first mixed 
with 1 pint of acetone» After this mixture was prepared, 
it was added to 150 grams of 30-60 mesh chromosorb-P.
The ensuing mixture was stirred gently so as to insure a 
uniform consistency throughout. The mixture was allowed 
to dry by being exposed to the atmosphere for one week.
In drying, the acetone completely evaporated to the atmos
phere leaving the thin liquid film of dimethylsulfolane 
uniformly distributed on.the surface of each particle of 
chromasorb-P. The acetone's evaporation may be accelera
ted by judiciously applying heat. This is not recommended 
by the author because acetone is very inflammable. The 
resulting liquid phase has the appearance of a dry powder.

After resizing the particles to ascertain 30-60 
mesh size, the liquid phase is ready for packing.

To pack the liquid phase, the aluminum column 
used was straightened as much as possible and plugged at 
one end with a cotton bud. The liquid phase was intro
duced through a small funnel into the unplugged end of the 
column a tablespoonful at a time. To insure the uniformity 
required in the packed column, a hand vibrator was applied 
to the length of the column after each application of 
liquid phase. This procedure was repeated until the
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column was full. The open end of the column was plugged 
with a second cotton bud and the column was then made 
into a coil of 4 inches in diameter. Special Swagelok 
quick connectors were attached to both ends of the col
umn and the column was ready for testing.

5. Testing a Liquid Sample
After connecting the liquid column into the 

chromatographic circuit and a steady base line had been 
established on the electronic recorder, a I/32 cc. sam
ple of olefin was drawn from its glass container using 
the tubercular syringe. Both pentene and octene came in 
glass containers and a rubber stopper had to be inserted 
into the opening of the glass containers through which 
the needle of the syringe could penetrate. In order to 
extract the liquid olefin, one must follow a set proce
dure: (a) Obtain an equal volume (1/32 cc.) of air in
the syringe, (b) Insert the needle through the rubber 
'stop into the glass container, (c) Bass the air trapped 
in the syringe into the olefin solution by pushing the 
syringe plunger, (d) Extract the amount of sample by 
pulling the syringe plunger.

The liquid sample is introduced into the chroma
tographic circuit through a sample entry tube at the top ■ 
of the vapor phase analyzer. Imbedded in the sample entry 
tube is a silicone rubber entry cap through which the



needle is inserted. After insertion, a positive pressure 
is applied on the syringe plunger to empty the sample 
into the circuit and to prevent the plunger from blowing 
back- The syringe should be extracted from the silicone 
rubber entry cap by pulling on the needle portion of the. 
syringe assembly. The stopwatch is started as the plunger 
is pushed so as to start the time sequence. The retention 
times experimentally obtained for pentene and octene are 
presented in Appendix B.

6. General Difficulties to Be Avoided
As the present writer progressed with his labora

tory work, various difficulties were encountered. These 
will now be noted in the interest of providing a helpful 
guide to trouble-shooting the equipment and in avoiding 
the same pitfalls previously encountered.

As was noted before, the original Cenco Molecular 
Sieves column was contaminated by allowing a gas that 
was irreversibly adsorbed to come into contact with the 
column. In Table 4-1 will be found a complete list of 
components that are irreversibly adsorbed on the Molecular 
Sieves column.



Table 4-=l
Components Irreversibly Retained by Linde Molecular Sieves5A (11). - . - •

n-paraffins iso paraffins
n-olefins aromatics
n-alcohols cycle paraffins
aldehydes iso olefins
acids (low M.W.) esters
carbon dioxide alkylhalides

In the analysis of Og and N̂ , the Molecular Sieves 
column was left in the chromatographic circuit by opening 
valves "I" and ”2” and closing the by-pass valve (Fig. 3-2). 
As the door to the vapor phase analyzer was closed to main
tain a constant temperature, it struck the by-pass valve, 
thus opening it. This allowed a detectable amount of Og 
and Ng to by-pass the Molecular Sieves column and gave 
spurious peaks on the chromatogram with retention times of 
1 minute and 30 seconds. This si-tuation should be avoided 
since the area under the peaks for Og and Ng becomes 
unreliable. The by-pass valve was replaced which remedied 
the unreliable situation.

Care must also be taken to avoid excessively high 
temperatures in the vapor phase analyzer. For example, the 
highest temperature recommended for the liquid {dimethyl- 
sulfolane) column is 50°C.
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In designing and constructing the original sampling 

apparatus to obtain the products of combustion from the 
combustion tunnel, an excessive number of tube connections 
were utilized. This complex of tubing and associated con
nections, produced a correspondingly higher risk of leaks 
in the system to atmosphere. It is recommended that in 
future design and construction of apparatus where purity 
of gas is essential a simple direct approach should be 
used to avoid possible leaks in the system to or from the 
surrounding atmosphere.



CHAPTER V

RESULTS AND CONCLUSIONS

The results and conclusions obtained by this study 
are presented in conjunction with the specific section of 

- the appendix which shows supporting data obtained in the 
laboratory.

The graphs in Appendix A represent the plots of 
integrator reading versus percent by volume of the gas.
As is shown, all of the graphs closely approximate a 
straight line. The slopes and the constants of propor
tionalities were arrived at mathematically by the method 
of least squares (14). The equation of each line is also 
shown on each graph. It was experimentally verified that 
the constants of proportionality doubled as the sensi
tivity on the vapor phase analyzer increased by one set
ting. Therefore, Appendix A, in effect, gave sufficient 
data and information with which to calculate the constants 
of proportionality for each gas at each sensitivity.

The sampling device that was finally selected 
proved to be an extremely useful tool for the experimenter. 
Strong and durable, the sampling device could be accurately

41
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mounted or dismantled in less than two minutes, yet pro
vide sufficient insurance against leaks of any type.

The air-fuel ratios calculated were compared with 
the air-fuel ratios programmed by the experimenter respon
sible for the combustion tunnel. The maximum error esti
mated in the programmed air-fuel ratios was 5 percent (8).
A sample of the calculations for air-fuel ratios from 
the chromatographic data is shown below: Data - 5.3% Og,
78.6% N2, 10.4% C02

aC^Hg + b (02 + 3.76 N2) 10.4 C02 + 5.3 0^ + 78.6 N2

+ wH20
balancing atoms * .
C: 3a =-10.4 . a = 3 47 ,
H: 2w = 8a w = 4(a) = 13.88
0:2b = w + 2 (10.4) + 2 (5-3 ) = 45.20 

b = 22.6
N: 3.76b - 78.6 b = - 20.93 .76

. . ~ Ife• , « =  ia.9 air-fuel ). F 44 (3-47) — ^ ' 18.3
programmed)

hence % error = 3.28%

It is noteworthy to state that the number of moles 
of air, b, was taken from the nitrogen balance. The b 
taken from the nitrogen balance was considered more accur
ate than the b obtained from the oxygen balance because
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the nitrogen balance used data from'only one component of
the mixture, whereas, the oxygen balance used data from
two components of the mixture.

Assuming the programmed air-fuel ratios to be 
correct, the error in the chromatographic analysis as 
presented in Appendix C was of the order of 2 percent 
for the rich air-fuel mixtures and up to 6 percent for
the lean air-fuel ratios. The increase in % error in the
lean range is, in the opinion of the experimenter, due 
to a possible loss of carbon dioxide which goes into 
solution as water condenses. This error is more pro
nounced in the lean range because cooler products of com
bustion increase the quantity of water that condenses in 
the sampling apparatus.

In the analysis of the olefins with a column of 
dimethylsulfolane, the results were as predicted by the 
theory, and very accurate. Pentene emerged with a very 
symmetrical peak and a retention time of 4 minutes and 
5 seconds for inlet conditions of the following: column 
temperature 31°C, inlet pressure 17.5 psig for a flow- 
rate of 163 milliliters per minute. This was anticipated 
since the boiling point of pentene is 86°F and the column 
temperature was 113°F. Therefore, all of the liquid 
sample evaporated in the carrier gas line and the iso
therm of interaction remained linear. There were two 
other insignificant peaks associated with pentene which
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were attributed to the impurities present in the solution. 
The pentene solution was of technical grade only and, 
therefore, not pure.

For octene, predictably unsymmetrical curves were 
obtained. The temperature of the column was kept at 
41°C (105°F), but the boiling point of octene is 250.3°F 
(15)? therefore, the octene did not completely vaporize. 
This situation produced an extremely skewed peak due to 
the non-linearity of the isotherm of interaction and a 
comparatively long retention time due to the high boiling 
point.

The chromatography apparatus belonging to the 
Department of Aerospace and Mechanical Engineering still 
has much untapped potential and could be quite exten
sively used in the analysis of gases.

Of primary importance for future analysis of com
bustion products is an investigation of the loss of carbon 
dioxide in its journey from the combustion tunnel to the 
vapor phase analyzer.

In the interest of expanding the use of the 
chromatography apparatus to the analysis of a greater 
spectrum of the olefins■> other liquid columns may be con
structed and tested with an attempt at calibration of the 
columns.
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These analyses were conducted with a constant 

column temperature. This situation sometimes gave reten
tion times of the gases with more complex molecules of the 
order of 30-40 minutes. There is a definite need, there
fore, for a capability of programming different tempera
tures during the time the gases are being retained on 
the stationary phase. This capability would decrease the 
time for analysis, and, therefore, make the apparatus 
more efficient.



APPENDIX A

PLOTS OF PERCENT VOLUME PRESENT 
VERSUS INTEGRATOR READING
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APPENDH B

TABLES OF PERTINENT 
CHARACTERISTIC TIMES
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Table B-l

Lead Out and Retention Times for Gases Other Than CO'

Gas

°2
n2
ch4
CO

Lead Out Times

2 min 07 sec
4 min 10 sec 
6 min 38 sec 
9 min $2 sec" 
19 min 11 sec

Retention Times

2 min 16 sec 
4 min 19 sec 
6 min 58 sec 
10 min 15 sec 
20 min 11 sec

The conditions for these times are as follows:
(1) Silica Gel and Molecular Sieves columns in series,
(2) Column temperature 60°C, (3) Flow rate 47.5 ml per 
min with inlet pressure of 22 psig.



53

Table B-2

Carbon Dioxide

Gas Lead Out Times Retention Times

* C02 
** co2

7 min 45 sec
9 min 06 sec 9 min 38 sec

8 min 17 sec

* Conditions: (1) Silica Gel and Molecular Sieves
columns in series for 3 min 15 sec with column tempera
ture 60®C and 47.5 ml per min flow rate with inlet pres
sure of 22 psig9(2) At 3 min 15 sec Molecular Sieves 
by-passed with column temperature 60°C and 143 ml per 
min flow rate with inlet pressure of 22 psig.

** Conditions t (1) Silica Gel and Molecular 
Sieves columns in series for 8 rain 00 sec with column 
temperature 60°C and 47.5 ml per min flow rate with 
inlet pressure of 22 psig, (2) At 8 min 00 sec Molecular 
Sieves by-passed with column temperature 60°C and 143 ml 
per min flow rate with inlet pressure of 22 psig.
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Table B-3 

Propane

Retention Time— I----- ------ ----------

5 min 28 sec
Conditions: Silica Gel column only. Molecular

Sieves by-passed, column temperature-144®C, flow rate 
121 ml per min with inlet pressure of 14.0 psig.

Retention Time '
37 min 17 sec

Conditions: Silica Gel column only. Molecular
Sieves by-passed, column temperature 40*0, flow rate 
150 ml per min with inlet pressure of 19.0 psig.



APPENDn G

TABLES OF PROGRAMED AND. CALCULATED 
AIR-FUEL RATIOS WITH ORDER OF ERROR
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Table C-l

Programmed A-F, Calculated A-F9 % Error

Programmed A-F Calculated A-F jo Error
18.00 17.55 2.500
18.30 18.70 2.180
18.30 18.90 3.280
19.95 20.15 1.002
20.00 19.75 1.250
20.50 20.60 0.488
20.50 21.10 2.930
20.50 21.70 5.850
21.00 20.80 0.953
21.00 21.70 3.333
22.00 21.80 0.910
22.00 21.60 2.000
22.00 21.50 2.500
22.00 23,50 6.820

. 22.00 23.60 7.270
22.50 23.60 4.9OO
22.50 23.90 6.220

22.60 23.70 4.870

22,60 23.90 5.750
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