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ABSTRACT
The purpose of this study is to identify discrep
ancies found in previous gas chromatography experiments in
which air-fuel mixtures and products of combustion were
measured from a combustion tunnel operated by the Aerospace
and Mechanical Engineering Department, The University of
Arizona.
Errors were found in the use of calibration equip
ment which failed to provide for dry (vapor free) samples
or to account for sample loss from adsorption in water
calibrated measuring columns.

A technique was developed

which provided for dry sampling and pressure equalization
in samples of more than one gas.
A temperature controlled line was constructed to
prevent water accumulation in the products of combustion
line leading to the Chromatography Equipment.

This pre

caution eliminated the possibility of COg losses by water
adsorption from the tunnel sample.
With the use of silica gel columns, carefully con
trolled operating conditions, and uniform gas sampling
techniques, tunnel air-fuel ratios could be determined to
within an error of less than 2%.
viii

ix
A primary cause of inconsistencies between calibra
tion and tunnel data was inaccuracies in tunnel gas flow
meter readings due to down-scale flowmeter settings and
to a certain amount of unavoidable drift of the float at
these settings.

CHAPTER I
INTRODUCTION
In the material presented in this thesis it was
assumed that the reader has some knowledge of the basic
principles of chromatography and its terminology.

The

reader is referred to the theses of Hocker (1)* and
Olvera (2) and to standard references such as Knox (6).
It will be shown that the use of gas chroma
tography equipment in the analysis of air-fuel mixtures
and products of combustion permits an accurate (less
than a 2 % error) and relatively simple means of deter
mining the constituents in both the mixtures and prod
ucts.

The process can be likened to that of an Orsat

analysis in which the gases from the combustion products
are separated by passing the combustion products through
acid solutions which absorb selected constituents.

In

the Orsat analyzer, measuring burettes indicate the
amount by volume of each gas that has been absorbed (9).
The Orsat analyzer, however, reads directly only CO^,
Og and CO and considers the difference in the sum of

* Numbers in parentheses refer to REFERENCES.
1

these percentage readings to be Ng, whereas, the gas
chromatography equipment can analyze each constituent
directly.
Gas chromatography permits both liquid and gaseous
samples to be analyzed by means of a katharometer such as
the CENCO Vapor Phase Analyzer (Fig. 1-1).

In the ana

lyzer, constituents of a sample are separated in time,
giving a qualitative analysis of the sample, and, measured
by volume, a quantitative analysis of the sample.

Separ

ation is achieved by passing the sample through one or
more columns (Fig. 1-2) which contain selected absor
bents that retain each constituent for a fixed period of
time.

After each constituent has been separated and

eluted from the column or columns, it flows through a
detector such as a thermal conductivity cell which com
pares the thermal conductivity of the gas plus carrier
gas with that of carrier gas alone.

An electrical

unbalance results when there is a change in thermal con
ductivity which can be measured by an integrating
recorder such as the Honeywell ELECTRONIK Recorder with
Continuous Integration.
Previous experiments (1, 2) have provided useful
calibration data for the above items of gas chroma
tography equipment.

However, in the experiments by

Olvera (2), with the combustion tunnel located at The

3

Fig. 1-1

Fig. 1-2

Gas Chromatography Analyzer and
Electronic Recorder

Interior View of the CENCO Vapor
Phase Analyzer
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University of Arizona# measurements of air-fuel mixtures
and products of combustion varied as much as 6%, when
compared with Gas Chromatography Calibration data.

Inac

curacies of this magnitude, if attributable to the tunnel
equipment, are unacceptable when the data are to be used
to support tunnel flame-front stability studies.
In the discussion that follows, three general
areas in which possible errors could occur are investi
gated : calibration techniques, combustion tunnel sampling
techniques, and operational procedures for the vapor
phase analyzer.

CHAPTER II
ANALYSIS OF CALIBRATING PROCEDURES
1.

Basic Design
Figure 2-1 shows the equipment used to obtain cal

brating data for the vapor phase analyzer as it was con
structed in the original experiments (1, 2).

Two-way stop-cock

Displacement
Column
(Dilute solution
of acid in water)

Collecting column

Plastic tubing

Fig. 2-1

Original Calibrating Apparatus
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Individual gases were drawn by manipulation of the
displacement column through the plastic tubing by purging
the line to the by-pass side of the stop-cock and then
passing the pure gas into the collecting column.

A solu

tion of 20% of sodium sulphate and 5% sulfuric acid by
weight in distilled water was used to minimize water
absorption of the sample gases.

After each gas was intro

duced into the column and measured by volume, the dis
placement column was lowered to level the water in the
two columns and equalize the pressure to ambient atmos
phere.
2.

Limitations
A limitation of the original system was the

absorption of sample fuel gases such as propane in the
acid solution.

This solution was intended primarily to

limit the absorption of COg.

It was non-effective in

limiting the absorption of propane.

This was evident

from a study of successive integrator readings of equal
propane samples collected over the acid solution.

Errors

as high as 5% were detected between the first and second
reading.

This corresponds closely with the solubility

of propane in water at laboratory operating conditions,
2? C, and 13.6 psig.

In 200 ml of water (the approximate
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amount of water in the calibration equipment) as much as
13 cm^ of propane could have been absorbed.

In a 200 cm^

sample of propane, over 6% could have been absorbed.
3.

Corrective Measures
Initially, for the sampling of propane, the acid

solution was replaced with a concentrated solution of
propane and water.

Figure 2-2 shows the results of four

runs, using samples of air and propane at a ratio of 20^1
by weight.
Propane was absorbed from the second run propane
sample, producing an error over 20%.

It was not until

the fourth run that the integrator reading approximated
the first run value.

Subsequent samples tested at the

same air-fuel ratio showed a similar lack of repeat
ability.
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To overcome the disadvantages of mixing gas samples
with acid solutions, a latex balloon was sealed between the
outer edge and stopper of the collecting column.

This is

shown in Fig. 2-3 together with other equipment additions.
The measuring rule can be vertically adjusted along the
water displacement column.

A hand-operated vacuum pump

and a pipette with a piston and plunger are attached to
the top of the displacement column.

This arrangement

avoided the necessity of moving the columns to equalize
gas pressures.

Appropriate vacuums could be drawn using

either the hand pump or the pipette, depending on the
size of each gas sample.

For an IS^l air-fuel mixture,

200cc of air could be drawn into the collecting column
using the hand pump.

The stop-cock is then closed and

the pipette vacuum is used to create a pressure differ
ence for a 7.1 cc sample of propane.

This pressure dif

ference can be determined beforehand by noting the vacuum
required to displace a 7.1 cc column of water.

Using the

flowmeter to adjust the flow of propane from a supply
gas cylinder, the stop-cock is turned slowly to admit the
propane.

When the water level in the displacement has

risen by an additional 7.1 cc, the stop-cock is closed.
This procedure gave repeatable results consistently
for each of the calibration gas samples.

Appendix A

gives the relative volumes of propane to be mixed with air
for particular air-fuel ratios.

Two-way stop-cock

Pressure regulating gages

Hand vacuum pump

Rule

Flow
meter

Latex
balloor!

Gas
cylinder

T

Pipette with piston
and plunger

x — —
—
x"
^
Displacement
column
Fig. 2-3

Collecting
column

Improved Calibrating Apparatus

CHAPTER III
COMBUSTION TUNNEL SAMPLING TECHNIQUES
1.

Problem
After correcting the calibration procedures, a

technique had to be developed to draw samples of air-fuel
mixtures and products of combustion from the combustion
tunnel.

Olvera (2) had placed a simple stainless steel

probe above the flame holder in the tunnel and drawn off
combustion product gases by means of an electrically
driven vacuum pump.

Combustion products were drawn

through the probe to connecting copper and plastic tubing
(15 feet in length) to the input of the analyzer.

A sim

ilar arrangement was used to draw air-fuel mixtures from
the mixture supply tank as shown in Fig. 3-1.
Olvera waited as long as l| minutes for the line
from the combustion chamber to be purged.

During this

time the vacuum pump had drawn off as much as 7.65 cubic
feet of combustion products.

When the sample was taken,

varying amounts of COg in the products of combustion
could have been absorbed in the condensed water (also from
products of combustion) which collected in the products
line.

The temperature in the combustion chamber averaged
10

Test
Section

Products of combustion
sampling line
8

Flame holder

Gas sampling valve
Vapor
phase
analyzer
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Primary nozzle

YXX'llSAW -NA

W \A W \

\\X

n j
Air /fuel
mixture
sampling
line

Fig. 3-1:
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distribution
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Sampling from combustion tunnel
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mixture
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about 1500 R.

However, the dew point of the water vapor

was reached before the sample entered the analyzer.
Initial observations would indicate that the 00%
error could be attributed to the condensed water in the
lines absorbing the COg from the combustion products.
However, a closer look at the percentages of H^O and CO^
in the theoretical combustion equations, together with the
absorption capacity of HgO for COg, indicates otherwise.
Consider the theoretical combustion equation for an 18.5^1
air-fuel ratio by weight:
C3H8 + 5e9(02 + 3.76N2 )—

3C02 + 4H20 + 22.2N2 + 0.90*
(3-1 )

The percent by weight and by volume of the constituents in
the products of combustion for this air-fuel ratio and
two others are shown in Table 3-1.
TABLE 3-1

Air-fuel
Ratio
(by wt.)

0 cr

PERCENTAGES OF CONSTITUENTS IN SEVERAL AIR-FUEL
MIXTURES
HO
2

Mole
fraction
of H20

°2

N2

16.6

17.0/11.0 9 .3 /14.6

.147

1.2/1.1 72.2/73.2

18.5

15.8/ 9.9 8 .4 /13.2

.133

3.1/3.0 72.5/73.5

22.5

12.8/ 8.3 7 .0 /11.0

.no

6.8/6.0 73.2/74.4

* This equation does not take into account disso
ciation. However, for temperatures below 3000 R not much
dissociation takes place (9).

On a weight basis, the 18.5/l air-fuel ratio contains
almost twice as much COg as H2O.

The total mass for 7.65 ft^

of combustion products drawn from the tunnel, assuming a per
fect gas, can be found from:

where R is the gas constant for the products of combustion
at the particular air-fuel ratio, and where T is the abso
lute temperature at the analyzer input (assumed to be 610R
in the example).

Selecting the appropriate percentages

from Table 3-1 gives a weight of water vapor of 15.7 gm
and a weight of carbon dioxide of 29.4 gm.

If the absorp

tion capacity of water for COg is 0.145 gm of CO^ per 100
gm of water at the temperature and pressure conditions of
the products line (pg. 498, ref. 3), then the amount of
CO2 absorbed is approximately:

x

= 0.0227 gm of CO2

This represents about .078% of the total weight of CO2
in the products line.
Obviously, the amount of COg absorbed in a single
run from the combustion chamber is insignificant.

A.

cause for error could come from the accumulation of water
in the products line after a number of samples have been
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taken.

COg could be freed as well as absorbed as the oper

ating conditions change, introducing inconsistencies with
calibration data.
2.

Modified Sampling Technique
To eliminate the collection of condensed water in

the sampling line, the line temperature was maintained
above the dew point of the water vapor.
To do this, the products sampling line was wrapped
with asbestos.

The asbestos was moistened so that it

could be formed around the tubing and was then allowed to
dry.

After the asbestos had thoroughly dried, a 19.75

foot length of Nichrome Alloy V wire was wound uniformly
around the asbestos. (See Fig. 3-2).

Care was taken not

to overlap the wire - a short circuit in the line would
cause a local hot spot.

Finally, an outer asbestos wrap

ping was applied over ihe heating line allowing the
electrical leads to hang free.

The leads were connected

to a variac which could adjust the current flow and hence
the temperature.
To determine the appropriate variac setting, the
dew point of the water vapor in the products of combus
tion was calculated, using the same conditions as in
Equation 3-1:

15

Combustion tunnel
test section

Outer asbestos wrapping
Inner asbestos wrapping

1 /4n copper tubing

Electrical leads
Heater wiring
To airfuel
mixture

Variac

Fig. 3-2

To vapor phase
analyzer
inlet

Temperature Control for Products Line
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PH 0 * moles of H^O x 13.6 =
^

total nbr of moles

4 x 13.6
3 +

(3-2)

4 + 22.2 + .9

= 1.81 psia
A partial pressure of 1.86 psia corresponds to a dew point
temperature of 123 F (5).

By selecting an operating tem

perature of 130 F, water could be maintained in a vapor
statefor all air-fuel ratios

of interest, 16/l to 23^1 .

A thermometer reading was
at the inlet to the analyzer.

taken of the products

The accuracy of this

measurement was limited by the short time combustion prod
ucts could be drawn from the tunnel.

Burning time in the

tunnel had to be limited to 1-1/2 minutes to prevent
cracking of glass panels surrounding the flame holder.
Preheating the thermometer to the approximate line tem
perature allowed maximum advantage to be taken of the
short reading time.
It was found that the asbestos wrapping, without
any current passing through the heating element, gave a
gas inlet temperature of approximately 113 F.

Therefore,

only slight increases in the variac setting, about 5
volts, were necessary to bring the gas temperature to the
required 130 F.
A schematic of the Gas Chromatography Equipment
with modifications is shown in Fig. 3-3•

Input pressure gauge
Sampling valve
handle

Carrier
Gas
input

Input thermometer
Air-fuel
mixture

iLX
M C— VJL,
Vapor phase analyzer

i

I ii l II 11 ii ll

o
Packing
columns

Thermal
conductivity
cell

6 v. storage battery
(for voltage stability)

Recorderintegrator

Hand vacuum
pump
Fig. 3-3

Schematic of Gas Analysis Equipment

Products
of com
bustion
Variac

CHAPTER 17
ANALYZER OPERATIONAL PROCEDURES
1.

Requirements
To obtain an accurate sample of air-fuel mixtures

and the products of combustion from the combustion tunnel,
analyzer columns must be selected which will separate the
principal gases.
Experiments in the combustion tunnel were limited
to propane fuel and to operating temperatures below that
at which dissociation occurs (roughly 3000 R).

Thus,

fuel detection requirements were minimal and the problem
of combustion products reduced to that of the detection
of C02 .
2.

Column Selection

'

Hocker (1) and Olvera (2) performed calibration
experiments using molecular sieve 5A and silica gel col
umns.

To take advantage of their findings, the author

continued to use the same two types.

Table 4-1 shows

that a combination of the two columns operating in series
offers the greatest range of gas separation capability.
If this is done, the operator must take the precaution
of by-passing the molecular sieve column before propane
18
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TABLE 4-1
COLUMN SEPARATION CAPABILITY (6)
Gases Separated

Molecular Sieve

H2

x

He

x

°2

x

Ar

x

N2

x

Air

Silica Gel
x

'

x

C02
CH^

x
x

x

C2H6
CO
C2H4
C3H8
°2H2

x

x
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or carbon dioxide, which are irreversibly adsorbed in this
column, can enter.

Additional valves and tubing have been

added to the CENCO analyzer (See Fig. 1-2) to provide for
this.

It is possible, however, to obtain more accurate

results using only the silica gel column.

A single col

umn reduces the length of tubing through which the gas
must flow.

As a result, peaks are sharper and show less

tailing effect (Fig. 4-1).

Consequently, integrator

readings are more reliable with one column than with two.

hO
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£
cti
0)
a
0)
>
•H
-P
CTJ
r—I
<D

Tail
ing

Two columns
Fig. 4.1

3.

Tailing
reduced

One column

Effect of Multiple Columns on Peak Shape

Thermodynamic Considerations for Column Operation
Two of the principal considerations in determining

column performance are temperature and flow rate.

Prev

ious experiments (1 , 2 ) were performed at an operating
temperature of 140 F, which is considerably lower than
the 250 F selected by the author.

Aside from the fact

that it was desired to study peak variations with

21
temperature, the higher temperature was selected for two
additional reasons.

First, the higher temperature gave

assurance that the water vapor in the products of combus
tion would remain in a vapor state after entering the
analyzer.

Second, the increased temperature reduced the

total time for a particular tunnel analysis from 30-40
minutes to about 10 minutes.
Operating temperatures above 200 F are often not
possible when using partition columns, that is, columns
packed with a material such as celite, which is coated
with a particular liquid film depending on the gases to be
separated.

Higher temperatures could cause the liquid

film to soften or evaporate, destroying the separation
capability of the column (5)•

Silica gel columns require

no liquid coating and are, therefore, not subject to
serious temperature restrictions.
The selection of operating flowrate is less arbi
trary.

The velocity at which the gas sample is carried

through the column will effect both the time the peak
appears (retention time) and the shape of the peak.
Retention time varies with gas velocity or input pressure
of the carrier gas - helium for this experiment.

Changes

in peak shape, namely, peak broadening, are the result of
changes in the rates of diffusion and mass transfer of
the sampled gas as it travels through the column (5).

22
There exists for a given column, operating at a given tem
perature, a particular carrier gas velocity at which the
rate of peak broadening is a minimum.

This velocity can

be determined by varying the carrier gas input pressure
and comparing the amount of peak broadening with retention
time.

This is shown in Fig. 4-2 in which the peak broad

ening is a minimum at an input pressure of 12.5 psig.

At

this pressure the carrier gas has a speed of 11.0 cm/sec.
This figure was obtained by dividing the volume flowrate
1.94 cm-^ /sec by the internal cross-sectional area Of the
column tubing 0.176 cm .

Knox (8) states that this mini

mum 19 ... usually occurs with helium as the carrier gas
in the region of 10-20 em/sec ...” when using an adsorp
tion column such as silica gel.

The experimental results

shown in Fig. 4-2 agree with this statement.
Operating at the optimum gas velocity provides
maximum peak separation.

This is particularly important

in analyzing samples of unknown composition.

In this

experiment, however, all the constituents in the combus
tion products are known.

Therefore, it is possible to

operate at a pressure higher than the optimum and have
less peak broadening.
psig, b| = 25.5 sec.
b 1 = 130.0 sec.
2

At an operating pressure of 20.0
At optimum pressure (12.5 psig),

Although the ratio of peak broadening

23

LEGEND
Column: silica gel
Length: 2.92 meters
Temperature: 120 C
Carrier gas: helium
Gas sample: air

.09 -

.08 _

£>

.0 ? -

Carrier gas velocity
__
11.0 cm/sec

.06

-

~r~

i—

10

15

l—
20

Inlet pressure (psig)
bj = Peak width at J peak height (sec)
tr = Retention time (sec)
Fig. 4-2

Inlet pressure vs peak broadening rate
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to retention time is greater at the higher pressure, the
net effect is a sharper peak with less tailing.

(See Fig.

4-3).

A
140
25.5
Retention time (sec)
Fig. 4-3

4.

Peak Shape vs Operating Pressure

Developing the Chromatogram
The further need for reducing peak broadening can

be seen in an analysis of a typical chromatogram. Fig.

4-4.

The peaks, from right to left, represent air in the

air-fuel mixture, oxygen and nitrogen in the products,
carbon dioxide in the products, and the propane in the
air-fuel mixture.

If the last two peaks were any broader,

they would merge and would prevent accurate readings.
Figure 4-4 shows a 35 sec. delay between one of the mixture
constituents (air) and one of the product constituents
(C>2 and N2 ).

This is the minimum delay.

Normally, the

delay would be about 50 sec. from time zero to allow
sufficient time to purge the products line.

A greater

25
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Fig. 4-4

Typical Chromatogram

delay could interfere with the recording of the first air
peak since there is a momentary "jump" in the integrator
recording pen

because of a pressure pulse in the system

when a sample is taken.

The pen returns to the baseline

on the chromatogram after the sample has entered the
analyzer.
An important consideration in the development of
an accurate chromatogram is the use of the same sample
tube for calibration and tunnel data.

All propane cali

bration and unburned mixture samples were taken by turning
the gas analyzer sampling valve handle from left to right.
All COg calibration and combustion product samples were
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taken by turning the handle from right to left.

Since

there is a 10% difference in the volume of the two ana
lyzer sample loops (1), serious inaccuracies could result,
if the above procedure were not observed.
5.

Water Pre-Columns
Water vapor in the products of combustion can be

kept in a vapor state by passing it through a heated line
from the tunnel to the analyzer.

Once the water vapor has

entered the analyzer it is adsorbed irreversibly in the
silica gel column.

After a number of samples have been

passed through the column, the column becomes deactivated
and loses its potential to separate gases effectively.
It must then be removed and reactivated by either heating
to 350 C for several hours and then cooling in a dessicant, or by placing on a vacuum pump for about an hour.
The latter method was found to be satisfactory if the
vacuum on the column could be held at 5 mm of Hg or less
and the column afterwards flushed with dry helium gas to
restore it to ambient pressure.

;

To avoid frequent reactivation of columns, a
water pre-column was constructed using a 10% (by weight)
solution of diglycerol and methanol mixed with celite
(8).

The length of the column was 1-1/2 feet as sug

gested in ref. 7 and this required 8.13 cm^ of celite.
An equal volume of the diglycerol and methanol solution
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was used to thoroughly mix the diglycerol with the celite.
After mixing, the methanol was allowed to evaporate in an
oven heated to 120 F.

Complete evaporation of the

methanol took about 12 hours.

When evaporation was com

pleted, the remaining mixture consisted of particles of
celite coated with diglycerol.
After packing, the pre-column was placed in the
analyzer ahead of the silica gel column.

Operating con

ditions were maintained as before, at 250 F and 20.0 psig.
After each sample was taken, the pre-column had
to be reversed and the silica gel column by-passed so
that the pre-column could be purged of water.

Purging

time was equal to or greater than sample analysis time
to insure that all water vapor had been removed.
It was thought that a measurable peak might
develop during the flushing of the pre-column, but
repeated measurements of the purged water vapor gave only
flat peaks which extended over the full period of flush
ing.

A typical result is shown in Fig. 4-5•

Obviously,

no meaningful data could be obtained from such curves.
Although this pre-column did remove the water
vapor from the sample, the procedure of reversing the
column after each run and flushing it more than doubled
the operating time between tunnel runs, and required
that original operating conditions be re-established
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when the silica gel column was again placed in operation.
Errors resulted from this constant changing of operating
conditions.
A second pre-column was tested from which it was
hoped water vapor could be measured (8 ) without flushing
the column.

A 1-1^2 foot column was again used, filled

with sized particles of calcium carbide, CaCg.

The cal

cium carbide, it was thought, would freely pass constitu
ents such as air, COg, and C^Hq but would convert the
water vapor to acetylene,

(CgHg), which the silica gel

column could detect.
CaC 2 + H20 ---

CaO + CgHg

(4-1)

The resulting chromatogram should show all previous peaks
plus the additional acetylene peak.
After the pre-column was placed in the analyzer,
known solutions of water and carbon tetrachloride (7 )

were injected into the analyzer by means of a syringe.

The

smallest possible liquid samples were used to avoid complete
oxidation of the calcium carbide.

The resulting chromato

grams failed to produce peaks of any significant size,
although a peak did appear at the approximate retention
time calculated for acetylene.

This was attributed to the

rapid oxidation of the calcium carbide from the water in
the samples and from exposure of the calcium carbide to
atmospheric conditions during column preparation.

Most

of the water in the samples tested failed to be converted
to acetylene and was passed on to the silica gel column
where it was irreversibly adsorbed.
When the length of the pre-column was changed,
no significant improvement resulted.

When gas samples

were introduced, noticeable variations occurred in the
COg and G-^Hq peaks.

Repeatable results were unobtain

able.
Hence it was concluded that the use of pre
columns did not prove to be fruitful in obtaining quan
titative measurements of water vapor in samples.

CHAPTER V
EXPERIMENTAL RESULTS
1.

Comparison of Data
Figure 5-1 shows a comparison of calibration and

tunnel data for propane.

A clue to the cause of the dis

crepancy between the two sets of data can be found in the
note in Fig. 5-1.

Calibration samples were drawn into the

analyzer at a different rate than the tunnel samples.
Investigation showed that the length of tubing leading from
the analyzer sample input to the sample tube inside the
analyzer was 1.46 feet.

With an analyzer operating tem

perature of 250 F, heat was being transferred by forced
convection to the samples moving to the sample loop.

The

difference in sample velocity, nearly three to one, caused
a corresponding reduction in the specific volume of the
calibration sample.
To determine this change in specific volume, sam
ples of 100% laboratory air were drawn into the analyzer
at both flow rates and the peaks compared.

The integrator

readings differed by 2.5 out of a total of 18, or 13.9%.
The dashed line in Fig. 5-1 represents the corrected cali
bration curve which shows good agreement with the tunnel
curve.
The same correction can be made on the equipment by
placing a valve in the line to the hand vacuum pump through
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which the combustion products are drawn.

Partially closing

the valve reduces the tunnel sample flow rate so that it
can be made equal to the calibration sample flow rate.
After this was done, the sampled air peaks were found to
be the same size.
Figure 5-2 shows the comparison of calibration and
tunnel data for COg.

It should be noticed that the dif

ference between the curves is less than for propane.
Recalling that the inlet temperature of the combus
tion products with no variac heating is 113 F, the specific
volume change from analyzer input to sample loop would be
less than for the previous case by

x 100 = /».9#

or 9 compared with 13.9 for propane.
Again, there appears to be good agreement except
at the lean air-fuel ratios.
2.

This is discussed on page 37 .

Application of Data
Data from calibration were used to construct nomo

grams such as Fig. 5-3 from which an analysis of combustion
tunnel air-fuel mixtures can be determined.

By entering

the nomogram at the integrator reading for either propane
or CO 2 and by drawing a vertical line down to the horizon
tal axis, the air-fuel ratio is found.

Thus, if the inte

grator reading for COg is entered, the proper integrator
reading for propane is found vertically below if the cor
responding air-fuel ratios are the same in each case.

If

the two integrator readings (CO and Propane) do not fall
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on a vertical line, this indicates (providing that sampling
has been performed properly and that the chromatography
apparatus is functioning correctly) that the A/F changed
between the time the unburned mixture sample was introduced
and the combustion products were introduced.

Table 5-1

lists propane and COg integrator readings from a series
of combustion tunnel runs (wherein the same silica gel col
umn was used as that used in constructing Fig. 5-3).
TABLE 5-1
TUNNEL DATA USING SILICA GEL COLUMN #2

GAS SAMPLE
INTEGRATOR
READING

RUN

[C^

C°2

TUNNEL
PROGRAMMED
AIR-FUEL
RATIO

1

97.0

61.0

16.6

2

97.0

55.5

18.5

3

97.0

56.5

18.5

4

94.0

52.0

20.5

Run 1 shows disagreement between the propane and
COg readings.

When the run was completed, the tunnel oper

ator reported that he had noticed a drift of the propane
flow meter from its original 16.6 air-fuel setting.

The

error had been corrected between the time the air-fuel
mixture and products samples were taken.

The nomogram

indicates that the difference between what the propane
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integrator reading should have been (100 counts) and what
was actually read (97 counts) was about 3% and that the A/F
setting was corrected to the programmed value (16.6), prior
to the time the products sample was taken.
The other three runs show good agreement between
mixture, products, and the programmed air-fuel ratio.

On

these runs, samples were not taken until there was no drift
in both the propane and air flowmeters.
It should be noted that the silica gel column used
to gather data for Fig. 5-3 was not the same as the column
used in Figs. 5-1 and 5-2.

Two silica gel columns were

used alternately during the experimentation period.

Col

umns which are of the same length and packed with the same
material usually will not respond identically.

This can

be attributed to a difference in the packing of each col
umn and the arrangement of the silica, gel particles in the
column (5).
Inlet temperature is another difference between
the figures.

Silica gel column § 2 (Fig. 5-3) was oper

ated at 130 F (variac setting: 5 volts), whereas, silica
gel column § 1 was operated at 113 F.

The difference in

these inlet temperatures partially explains the lower COg
integrator readings on the nomograph.

CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
1.

Conclusions
Gas chromatography equipment such as the CENCO

Vapor Phase Analyzer and the Honeywell ELECTRONIK Integra
tor can be used successfully to determine combustion tun
nel air-fuel ratios to an accuracy of within 2%,

This

accuracy is highly dependent upon the following factors:
a.

Care in measuring calibration samples and
compensating for pressure differences between
each gas in the sample,

b.

Using columns which have been deactivated
(dehydrated),

c . Maintaining analyzer operating conditions
such as carrier gas flow rate, input pressure
and column temperature at the same values
during calibration and tunnel sampling,
d.

Equalizing the input flow rates of gas
samples.

Errors detected by the gas chromatography equip
ment would indicate that there is a serious lack of
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stability in the combustion tunnel flowmeters for both air
and propane, especially at down-scale settings.

These

errors seemed to be of the order of + 2-3%, but were
detected to be as high as 10% on several runs.
Optimum operating conditions for the gas chroma
tography equipment could not be achieved in less than an
hour after the equipment was turned on.

Attempting to

operate the equipment before this time introduces fluctu
ations in the baseline trace of the integrator and seri
ously effects data accuracy.

Baseline instability

troubles after the normal waiting period are usually a
sign that the column has become deactivated.

Water vapor

is the primary cause of deactivation, although other
impurities could contribute to this.
The water pre-columns tested offered no advantages
to the analysis techniques developed in this thesis.

Their

use introduced inconsistencies in calibration data.
2.

Recommendations
There is a definite need to replace the current

combustion tunnel propane and air flowmeters with models
having greater stability and having ranges such that read
ings will be in the up-scale range rather than the down
scale.
Errors left undetected through improper use of
gas chromatography equipment could cause serious dis-

crepancies in data used for flame front stability studies.
The usefulness of the gas chromatography equipment
tested could be extended to include the analysis of exhaust
products from internal combustion engines and might serve
as another means of evaluating engine efficiency.

Further,

chromatography equipment might be used to detect and meas
ure harmful exhaust products in connection with air pollu
tion studies.

APPENDIX A
NOMOGRAPH FOR OBTAINING CALIBRATING SAMPLES
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