THE CATALYTITC THERMOCOUPLE NETHOD OF
DETERMINING SELF-IGNITION TEMPERATURES

By
LOUIS EDMOND IMARC EE CHAZAL

- Bachelor of Seclence
Lovigiana State University
Baton Rougsy, Loulslana
1949

Magter of SBciencs
Loulsiana State University
Baton Rouge, Loulsiana
1951

Submitted to the faculty of the Graduate School of
the Oklahoma Agricultural and Mecharidleal Collsgs
in partial fulfillment of the reguiremsents
for the dagrse of
DOCTOR OF PHILOSOPHY
Aungust, 1953

oo



‘et
TEy 282
%D L NS

Cety Zu
i



GELAMOMR
AGRICULTURAL & WERSAMCAL CoLlieE
LIBRARY

N0V 16 1853

THE CATALYTIC THERMOCOUPLE METIOD OF

DETERMINING SELF-IGNTTION TEMFERATULES

WA

308258



PREFACE

The present study of the self-ignition temperatures of
fuels was made posgible through a grant made by the United
States Army Alr Corps to the Research Foundation of the Oklaw
homa Agricultural and Mechanlcal College. The object of
the investigation was to devise a method of determining self-
lgnition temperatures that would not reflect the degres of
catalysis occurring at Tthe wall of the chamber. }_

The writer 1s indebted to Drs. Luls He. Bartlett and
Charles L. Nickolls for their wvaluable guidance in thls pro-
ject, as well as to the reméinder of the staff of the School
of Chemical Engineering at the Oklahoma Agricultural and MNe-
chanical College for thelr assistance and co-opsration. In
particular, the author is grateful to Mr. Eugene McCroskey
for his skillful aid in constructing the equipment, and to
Mr. Robert Maddox for generously preparing the photographs

that appsar in this thésis.

Stillwater, Oklahoma
July 6, 1983
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THEORIES OF SELF~IGNITION

If the temperature of a combustible mixture held at
constant pressure ils gradually increased, or if the pres-
sure 1s increased while holding the temperature constant,
the veloclty of reaction is increased until combustion
OCCUTS « |

In the sarly abttempts to explain this phenomenon of
spontaneous ignition, the erroneous assumpilon was made
that there existed a temperature below which no reaction
occurred between the fuel and the oxidanty and ghove
which explosion took plae@,GV This assumption was cone
trary to the results of many subseduent experiments, in-
cluding those of Callendar,7 Naylor and Wheelargél Peaseg45
and one of the first to take note of this fact in modern-
izing the theory of self-ignition was van't Hoff.62 With
the resalization that reactiona occurred in fuel-air wixe=
tures below the btemperature df self-ignition, two theories
were dex}loped to explain the phenomenon. These are gener
ally known as the thermal and the chain theories of selfe

ignitione.

The Thermal Theory

The thermal theory states that self-ignition is due %o
the increase in the rate of hezat liberation caunsed by ths

progressively faster reaction. At some point, the rate of
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heat liberation will start to exceed the rate of heat lost
to the surroundings. As a result, there is a progressive
selfuheating of the cowmbustible mixbture that leads to a
still greater spesd of reaction. This results in an sl-
most instantaneous development of heat of reaction withe
in the mixture which is known as combustion.?®

The conecept of this limiting condition of self-ignie-
tion was used by vanl?t Hoff to define the temperature of
self-ignition as followss:

The ignition temperature is the temperature at which
the initial loss of heat, due to conduction ete., is equal
§9 thggheat evolved in fthe same time by the chemical reac~

ions _

This definition sxplained why an increase in temperature
would ultimately change a slow reaction into combustion,
and it also implied that the combustion should be preceded
by a period of relatively slow increase in the wvelocity of
the reaction corresponding to the slow rlse in the tempera-
ture., This period, which is usually referred to as the ine
duction periocd or the self-ignition lag, is indeed known o
axist, but at times it is hardly noticeable.®s12

_Aceording to this theory, the larger the vessel in
which the reaction takes place, the less will be the heatb
lost per unit volume of the mixbure, given a constant tem-
‘perature., Thus, according to the thermalltMQOTF, the tem~
perature of selfmignitionvis a function of the size of the

container and is higher in small vessals than in large ones.

This hypothesis has been corroborated by the work of such



men as Naylor and Wheeler

16,17

and by Dixon and his co=-
WOrkerse

Although van't Hoff gave no quanititative formulation
of the ignition phenomenon, his evaluation of the physiecal
nature of self-ignition still represents closely the therw
mal theory of selfwignition; of particular note is the
followling bassages

By inflammation we shall understand hers not only the
phenomena of combustion, but also any eomplete chemical
transformation which eccurs in consedquence of a local ele=
vation of the temperature to the so-=called temperature of
ignitione
In every change of this kind the following conditions
are fulfilleds -=
le The reaction which produces the inflammation
evolves heate.
2o The reaction occurs more or less rapidly below
the temperature of ignition.
3. The reaction is accelerated by an elevation of
temperature.f4

For some forty years after van't Hoff advanced his
views on self-ignition, no important improvement was made
on the thermal theory of self-ignition. In 1927-28, Seme-

noff gave a mathematical formulation corresponding to van't

o

Hoff's theorys

In a reaction in the gaseous phase with velocity w,
measured by the number of molecules of the product appear-
ing per second per unit volume, the amount of heat given
of f per second in the entire volume v of the vessel is

41 = v Qt w

where Q! is the heat liberated by sach elementary procsss
of the reactiong that is, Q' = Q/N, where @ is the
heat of the reaction for one gram-mol of the product, and
N the Avogadro number... As has been shown, the velocity
of the reaction at the initial stage s a function of the
abgolute temperature T and the numbesr of molscules a

of the initial substance per unit volume is edqual to



W= klae E/RT for monomolecular, and k@% & E/RT for
blmoleeular reactions, so that

q1 = ¥ %;kane”E/RT
N

where for monomolecular reactions n = 1, and for bimolesu=
lar reactions n = 2

The amount of heat conducted away by the walls of the
vessel will be A

do= X (T TQ) 5

where X is the coefficient of heat conductivity, T the
temperature of the reacting gas, Ty the vessel~wall tewe
perature ag@lied from the outside, and 8 the area of
the walls.:

Semenoff procseds to demonstrate that at the tempsra-
ture of self-ignition, not only will gy = qp, but also their
partial derivatives with respect to temperature willvbe aquale
Thus, the two following equations are obtaineds

v Q k aﬁe“E/le =X (Tq = T@) S

and,
v Q k aP B o~E/RT1

NRT{

= XS

from which, by eliminating XS and solving for Tls ocne obbtains

the equation

T
T o= 1 ﬁ;\/
e

Although this equation is of little value in prediching the
ignition tempsrature of the mixbturse, 1t indicates that the

gelf=ignition tempsrature lg depsndent on the eﬁ@?gy of



activation, E, of the mixture.

The Chain Theory

Most explosion and ignition phenomensa could be 8x=
plained by the thermal theory. The discovery of some dige
crepancies, however, in the explanaltion of negative cataly=-
sls led Christiansen to formulate a worksble chain theory
of combustiongll In 1927-28, this theory was sppllied to
the study of the reactions leading to the inflammation by
such men as Gibsgn,gsﬁinshelwood,24and Semencff.%? Since
then, the chain reactioh theory has come into sxtensive
use in such reactions as the explosion of azomethanet
and of hydfogen»nxygen mixtures®0s47598 and has become
firmly established as at least a partial explanation of
those reactions.

According to the chain theory, the reaction of two
gases such as hydrogen and oxygen does not occur directly,
but rather proceeds through intermediate componndS such asg
the chain prepcosed by Lewls and von Elba:32,34

OH + Hy mm%VHZO + H

H + 0g GH + O

In the thres reactions, the active substances H, 0H, and O

are chain carriers. Furthermors, sincs the second and third

reactions result in an ineresse in ths number of chain car-
riers, they may be called chain-branching reactions. Those

latter reactlons, under favoursble cirocumstances,; cause

e



such a rapid increase in the rate of reaction that explo-
sion occurs in a‘short time, Other reactions result in the
destruction of chain carriers, and these may occur in sufle=
ficient number to prevent explosion from oceurringe It
would consedquently be under very partioular clrcumstances
that the rate of occurrence of chain-branching reasctions
would be greater than that of chain-breaking resctions and
that explosion would OCCUTs
In addition to chain reactions caused by substances

that are active by their nature, another chain mechanism
has been proposed that consisté of chain carriers that are
actiVe by thelr energy state rather than by thelr physical
natura.zg Thesé_”energy‘dhaihé?'would consist of moleculss
activated by’the_%ransfer of eﬁergy'liberated by the reac-
tlons

.* [Wh£n‘twq.mbiecules.feact,’a_relatively large amount of
venergy‘is liberated, which consists of the energy of actid
vation and the snergy of reaction. This energy will be
transmitted to a relatively few molecules immediatély around
the reacting ohesﬂ and 1t is only after a number of colli-
sionévthat‘the energy'so liberated will be relatively evenly
distributed amohg the other molecules in the system. Thus,
for a short time at least, each reacting molecule will have
activated other molecules, thersby enabling several of them

to react in turn and to multiply the rate of reactione



There is no experimental evidence that allows one to
discard or to adopt entirely the thermal theory or either
version of the chain theory. However, the present consen-
sus of investigators appears to be that the material chain
type of reaction is the one that cccurs most freduently,
and that most reactions are affected to a grealber or lesser

degree by all three mechanismg,



METHODS USED BY PREVIOUS INVESTIGATORS

The problem of determining experimentally the true
temperature of self-ignition has long troubled investigae
tors. According to Bridgeman and Marvin in their survey
of the work done in this field, the following sxperimenw
tal variables affect the results obtaiﬁedg'

le The materials in contact with the fuel mizxture.

2¢ The volune of the ignlition chamber.

3. The conecentration of oxygen in the inflammable

mixture.

4, The time lag beforse ignition occcurs.

5 The pressure of the system.
6e The composition of the fualoé
The nature of the effect of many of these variables is com-
plex, and the interpretation of their effect on the ignition
temperature varies with the investigator.

In many methods used, the investigators attempted to
eliminate or to diminish the effect of some of the above-
mentioned variables. Other methods are purely arbitrary
in nature and do not represent an attempt to determine a
self-ignition temperature reproducible by any other method.
The methods used hertofore can be classified into the fol-
lowing catbegoriess

Le The explogive mixbture flows through a tubs of

known temperature.697?4594494594@

8
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Se

Se

Be

Te

Be

Qe

The mixture is inbroduced into a container of

known temperature.55941»55

The gaseous mixbure is compressed adiabatically
and the temperature is computed from the thermo-

dynamic relations between the initial and final

volumes or pressures.17318922961

The gases are heated geparately to the ignition

temperature and then mixed,”s+®sL3

+

A drop of liquid fuel is introduced into a cone

tainer of known temperature,~Vs%8s57

The mixture ls introduced into a soap bubble and

ignited by contact with a hot wire of known tem=

peraturee4o’66

A drop of liquld is ignited by contact with a
body of known temperatura.26’56’58’54

Two gases are mixed iIn a cloged vessel and gradu-
ally brought to the ignition temperature.zv

The mixture is ignited by dropping spheres hested

1 - . . 42,51
to a known btemperature through the container.

It is generally recognized that there is & cabalytic

offect of the materials in contact with the combustible

mixture that causes changes in the value found for the ige-

nition btemperature., This is ssen in the work of such msen

as Dixon, 3 Paterson,%® and N, J. Thompson.®?

Gaseons maberials are glso known to influence the teme

peratufe of self-ignition. Schumacher,év Gibson and Hine

shelwood, @9 and Thompson and Hinshelwood®® found that tracea



of nitrogen dioxide cause a large decrease in the igni-
tion temperature of hydrogen-oxygen mixtures and that
large amounts of that gas cause an increase in the igni-
tion temperatures determined. Naylor and Wheeler also
found that argon and helium cause an increase in the
temperature of ignitian.él On the other hand, Dixon and
Crofts,l7 Dixon,15 and Falk'® found little difference in
the ignition temperatures of hydrogen in oxygen and of
hydrogen in air.

The size of the reaction chamber has been found by
many investigators to affect materially the ignition tems
peratures determined. Naylor and‘Wheeler,él and Taffanel
and LeFloch®® have shown the temperature of ignition to
vary inversely with the size of the reactlion chamber,
Dixon showed that a limit is reached in the chamber size
beyond which any further increase causes no decrease in
the ignition temperature .+

The influence of induction periods has been‘investim
gated by Mulcahy,39 Bullock® and many others, and the ig-
nition temperabture has been found to decrease as the ine
duction period is increased, bub the various investiga-
tors do not agree on the extent of that variatione

Kane and comworkers,zg Mondain-Monval and Quanquin,57
and others have shown that a change in pressure causes an
inverse change in the ignitionltempératurem

The influence of the many variables, and the nature

of the ignition data reported in literature clearly show



that the temperature of self-ignition of a combustible

mixture has so far depended to a great extent on the

method used to determine it.

following ignition temperatures

IGNITION TEMPERATURES

TABLE

This is manifested by the

found for hydrogent

I

OF HYDROGEN IN AIR

Author Mixture Time Lag Tegnition
) strength seconds temggrature
Bullock® Stoichiometric | 0s26~0.53 | 1284-1330
Cottlel? Stoichiometric | 0.21-0.44 | 1056-1092
Dixon™? ——- 0.50-15 1060-1165
Dixon and

Croftsl? 28.5% H, —— 1060
gﬁf;ilﬁ ——— S 990-1000
Palk’® — - 1480-1505
Gershanikee Stoichiomstric —— 1070
McDavid®O —— — 1260~1395
§§§§£48 — - 1060
_Whiﬁe and | 2o
Priceb6 — ——— 1320-1580




EVOLUTION OF THE IGNITION APPARATUS

At the outset of this project, it was proposed that
a method of determining ignition temperatures be dewveloped
that would require small amounts of fuel and that would be
as free asg possible from the harmful effects of catalysis.

From the survey made of relevant literature, it was
manifest that‘catalysis would most readily be avolded if
a flow~type sysbem were choseni that 1ls, an apparatus
should be designed in which the conditions favourable to
gelf-ignition would be produced in a flowlng mixture of
gases. In order to limit the duantity of fuel used in
such a system, 1% was necessary that the fuel-immitting
tube be made sm3119 and the choice made was of austenitiec
stainless steel capillary tubing. Because of the small
guantities of fuel and air entering the ignition space,
the problem of maintaining in the jJets a temperatgre gl
flciently high te cause ignition dictated the cholce of
a heated tube for the ignition chamber.

Earlj experiments with the apparatus so bullt indi-
cated strongly the existence of some cabalytic action at
the walls of the ignition chamber. This catalysis could
not be eliminated without re-deslgning the apparatus and
thereby losing some of the desirable characterigstlcse.
Consequently, it was proposed that the idea of avoiding
catalysis should be discarded, and rather that 1t should

12



13

be used in such a manner ag to eliminate the element of
uncertainty contingent upon its occurence only in loci
on the chamber walls where its total effect could not be
determined exactly. The reasoning used was as followss
If cabalysis occurs in the ignition chamber, it is
likely to be uneven in its actlon and to be most marked
in relatively small areas. This unevenness would be due
to the roughness of the chamber walls, to the lack of
homogenelty of the material of which the chamber 1s made,
or to some other factor of similar nature, Those areas
of localized catalysis would thus become hot encugh to
cause the ignition of the combustible mixture, while the
mizxture itself and the rest of the chamber walls would
be at temperétures below the true ignition temperatures
Thus, if the temperature of the combustible mixture at
the moment of ignition were taken as the true ignition
tem@erature,.the amount of error involved could be‘largea
if, on the other hand, the temperature of the cata-
lytic area itself were the quantity measured, bthe likelil-
hood of the true ignition temperaturels being obbtained
would be much greater, for, unless some error exist in
the reésoning9 the ignition would have been caused by ths
fact that the catalytic area had reached a temperature
high;enough that the reaction rate in the combustible mixe
ture had beoome'selfuprdpagating in the immediate vicinity
of the catalytic area.

Thé idea of finding the area of most intense catalytic
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action and then determining its temperature ls absurd, nob
only because of the difficulties involved in locating that
area, but also because the mere fact of determining its
temperature could cauvse a sufficient decrease in the inten-
sity of catalysis to allow another area to become the most
“active catalyst. Thus, it was preferred to make the point
of temperature measurement become the most active catalyti-

cally rather than vice versa. This result could be achieved

by using as pyrometer a bare thermocouple made of metals
more catalytlic than any substance in the ignition chamber,

According to the above reasoning, the following facts

should be true:

l. The ignition temperature determined should be inde-
pendeﬁt of the nature of the catalyst used In the
fhermocpuple, provided that 1t remain more catalytic
than any part of the ignition chamber,

2e The ignition temperature determined should be inde-
pendent of the btemperature of the walls of the ignim
tion chamber.

3 The ignition temperature determined should be inde=
pendent of the bulk temperature of the combustible
mixture over wide ranges of temperéture.

Experiments designed to verify the above hyﬁotheses wers

carried out using hydrogen as fuel, and all the arguments held
true. This was considersd sufficlent proof of the valldity of

the method, and it was adophed for all subsequent work.



DESCRIPTION OF THE APPARATUS

For the sake of simpliecity of explanation,; the appa-
ratus can be described in the following ordsrs: the fuel
stream, the air stream, the ignition chamber, the thermo-
metric sectlon, the inert gas stream, and the callbrating

section.s

The PFuel Stream

When hydfogen was used as fuel, the compressed gas
was taken from a cylinder, its pregssure was reduced by a
pressure-regulating valve (C on Figure 2), and the gas
then led into a six-foot lengbth of quarter~inch copper
tubing. The hydrogen pressure was indicabted by a bourdon-
type gauge reading in pound divisions up to 30 pounds per
square inch gauge. The other end of the copper tup;ng was
connected by means of a reducing connection to a twelve-
foot length of caplllary tubing»having internal and exter-
nal diameters of 0,025 and 0,060 inches respectively (J on
Figure 1l)s This capillary tubing led the hydrogen through
a Hoskins electric muffle furnasce of 5 kilowatt maxinmum
capaclty (K on. Figure 1), and then into the ignition ehémy
bers Except in cerbtain check runs, the muffle furnace
was unhesated.

When a liguid fuel was used, it was stored in a one=

gallon steel flagk bullt in the same manner as a wash

15
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bottle (D on Figure l)e Compressed hydrogen was introduced
above the liquid by means of a quarter-inch steel pipe
welded into the top of the flask and connected to the hydro-
gen cylinder through the pressure-regulating valve and a
length of dquarter-~inch copper tubing and the necessary tube-
to-pipe connectionss, The pressure so induced inﬁide the
flask forced some of the liquid through another quarlber-
inch pipe opening near the bottom of the flask, through a
waste~cloth filter (L on Figure 1), through a quartér~inch
copper tubing lead, through a flushing section (I on Fig-
ure 1), and then through the muffle furnace and into the
ignition chamber (G on Figure 1), as in the case of the
hydrogen,

The flushing section in the liguid fuel line (J on
Figure 1) was simply a connection between the fuel line and
the compressed alr with two valves so located that the flow
of fuel could be stopped and air could be made to blow the
remaeining fuel out of the caplllary tube. The sole reason
for this device was to prevent the stoppage of the capil-
lary by the carbonization of the fuel inslde the muffle fur-

nace when 1t was hobe

The Alr Stream

The ailr was taken from a compressed alr tank at prege
gures between 100 and 120 pounds per sduare inche As with
the hydrogen, the alr pressure was reduced by means of a

pressure~regulating valve, and it was led into capillary



tubing ( E on Figurs 1). In much of the early work, one
capillary tube Waé used for the air; three capillaries
were later used. For some cha@k determinations, the air
capillary led through the maffle furnace and into the ig-
nition chamber. Later with the single capillary, and
always with the triple capillariesa the muffle furmace
was by-passeds

The connechlon between the air line and the fuel line
was made some six inches ahead of'the caplllaries, and the
same distance beyond the presgsure indicator -- a bourdone
type gauge measuring pressures in two-pound divisions up

to 100 pounds per sduare inch gauge.

The Ignition Chamber

This chamber (G on Figure 1) conslsted of a mullite
tube, 0,75 inch in diameter and six inches long, around
which was wound a 50 foot nichrome resigstance coil which,
by means of a thirty-point transformer, allowed from 15.7
to 279 watts to be used for heating the tube. One end of
the tube was closed by a soft steel plug (F on Figure 1)
2475 inches long through which were drilled holes for the
fuel and air capillaries, Half an inch of this plug was
inserted in fthe mullite tube, the remainder being outside
to dissipate some of the heat generated inside the ignition
chamber and to malntaln the plug end of the chamber at a
slightly lower temperature than that of the rest of the
tube., The capillaries introduced through the steel plug

wers so arranged that the gas jebs emitted by them would

L7
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impinge one inch from the end of the pluge

Through the open end of the mullite tube was introduced
3, platinum—platinum rhodiuvm thermocouple, the junecbion of
which was cenbtered in the tube two inches beyond the point
of impingewment of the fuel and air jets (H on Figure 1),

In the early experiments with hydrogen, the lgnition
chamber used was a copper tube with an internal dlameter »
of 1=5/8 inches, a wall thickness of 7/32 inch, and a length
of 3 inchese This tube was heated by means of two bunsen
burnsrs, and 1ts temperature was debermined by means of a
thermocouple inserted into a 1/8 inch hole drilled half-way
down the immer surface of the chamber. The end of the tube
through which the fuel and air caplllaries were introduced |
was pressed against the muffle furnace and closed with asbes-
tos cement. The catalytic thermocouple was introduced through
the open end of the tube, and had 'its junction one inch from

The point of impingement of the fuel and alr jets. °

The Thermomebric Segtion

At variousbtimesy three platinum-platinum rhodium,thenmo—
souples wers used. These Wére: the catalytic thermocouple
used in the ignition chamber, the themmocouple set in the wall
of the first ignition c@amber, and a thermocouple used to debter-
mine the temperature of the muffle furnace. Theae thermocouples
woere made of one-foot lengths of 24 gauge platinum and platinum
10% rhodium wire joined together at ocne end by means of a welde
The unwelded ends were connected to a cold junchbion and to a

potentiometsr (D on Figure 3) by means of insulated copper wirce
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The cold junction consisted of & six~inch thermocouple of
similar nature to the ones described above, with the welded
join immerged in an ice bath (& on Figure 3).

The potentiometer used was sensitive to 0002 milli-
voltse The electromctive force generated by any one thermo-
couple could be measured on the botentiameter by connecting
the required hot Junction to the cold junction via the

potentliometora

The Inert Gag Streaom

Inert gas was used only in a few preliminary determinae-
tlons made with hydrogen as the fuele The inert gas stream
differed from the hydrogen stream in only two wayss

1. Five capillaries were used for the inert gas asg

compared to one for the hydrogene

2e¢ The inert gas was introduced in a swirling stream

around the inner walls of the ignition chamber
rather than in the center of the chamber as with
the hydrogen.

The inert gas bottle was changed according to whether a1rgon

or nitrogen was desired.

The Calibrating Section

The system used to calibrate the alr and the hydrogen
streams wés the same. A narrow-necked one-liter flask was
filled with water and inverted in a water bath. The air or
hydrogen flow could then be measured by determining the btime

required for that gas to replace the water in the inverbtsed
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flasks

In the case of liquid fuels, the capillaries were led
to a water-cooled, gléss condenser (B on Figure 4). The
water in the cooling jacket of the condenser was clrculated
from an ice bath by means of a pumﬁ (C on Figure 4)5vand
the condensate was collected in an erlenmeyer flask par-
tially immersed in lce-water (D on Figure 4). -The oondan-
gate was then weighed on an analytical balance sensitive

t0o 00,0001l gram.
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FIGURE 2
THE IGNITION APPARATUS
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FIGURE 3
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FIGURE 4
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PROCEDURE

When self-~ignition temperature determinaticns were

made with a liquid fuel, the following procedure was used:

Le

2e

De

4a

e

The muffle furnace was brought to an equilibrium
temperature of 975°F plus or minus 20°F, Because

of the large heat capacity of the furnace insula-

vtion, this took a minimum of three hours.

When the furnace had reached the equilibrium teme-
perature, the flow of liquid fuel was started by
imposing a hydrogen pressure above the liquid in
the flask. The pressure used varled between four
pounds per square inch and ten pounds per square
inch,; depending on the fusel.

The flow of alr was started, and the air pressure
was regulated to the desired value - generallyb
between 20 and 100 pounds per square inch gauge.
The tube furna@a’was started and allowed to heat
on maximum volbage up to 500°F as indicated by
the catalytic thermocouple. The voltage to the
furnace was then changed Lo give a temperature
rise of 59F or less ber minute until ignition
ocourred.

Periodically, the ignition chamber was Inspected
visually in order to ensure that the junction of
the catalytic thermocouple was hotter than any

25
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other part of the ignition chamber. Thig was
readily determined by the greater brightness of

the thermocouple after the glowing stage had

‘been reached.,

When ignition oceurrsd, this phenomenon was aig-
nalled by an explosion and by an immediate drop
in the thermocouple voltage. The voltage indl-
cated by the potentiometer at the instent imme-
diately prior to the explosion was noted.

If the explosion was not followed by steady com-
bustlon, the voltage of the catalytie thermocou-
ple was followed until another exploslon occurred,
at which time another voltage reading was noted.
This procedure was repeated until a total of five
readings was made.

If the explosion was followed by steady combus-
tion, the air flow was stopped; and the flame,
which now burned outside, was extinguished. The
tube furnace was dilaconnected from the source of
electricity and allowed to lose the heat galned
by the combustion. After about one minute, the
tube furnace was re-connected and the air flow
was resumed, Thils procedure was repeated mntil
8 total of five readings was obbtained.

After the five readings were obtained, the tubs
furmace was allowed to cool to BOOCF, and the

air rate of flow was changed by altering the
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1le

12.

13,

14.

15

Setting of the pressure regulater in the alr lins.
The new alr pressure was'ncted, and five mores
ighition temperature determinations were made.

The air pressure was altered and ignition tempera-
ture readings were made for each pressure until
the pressure was found for which the ignition tem-
perature was a mininmme

The tube furnace was then removed and replaced by
the condenser, and the condensed fuel was collected
for exactly one hour in a tared erlenmeyer flaska
The flask was then weighed in order to determine
the welght rate of flow of the fuels

The miffle furnace was shut off, the fuel flow
was stopped, and the fuel remaining in the line
was blown out with compressed alr.

The fuel system was then drained, cleanéd, and
dried in readiness for another fuel.

Th@ groups'of five voltage readings made for each
air prassuré were averaged, and the average was
converted to the ignition temperature by means of
the conversion tables.ot

The fuel-alr ratio for each alr pressure was cale
culated in terms of the fractlon of the fuel used
compared to the stoichiometric redulrements, and
a graph of the'ignition“temperature versusg the

fusl=air rabio was madse

When hydrogen was the fuel used, the procedure varied



only in two wayss
le The muffle furnace was not heated, slnce a more
-accurate calibration of the hydrogen flow could
be obtained with the capillary at room tempera-
tUre o
Zs The calibration of hydrogen flow was made in the
same manner as was that of air, and all determie-
nations made with hydrogen were carried out with
a pressure of 10 pounds per square inch gauge.
During the preliminary runs made with the hydrogen,
certain other differences existed in the procedure. In
some runs, the furnace temperature was altered from room
temperature. In addlition, when the burner-heated ignition
chamber was used, the tube temperature was recorded., Fi-

nally, in some of those determinations, inert gas was usede



RESULTS

On the following pages, the data obtained during the

course of this research are interpreted and presented in

tabular and graphical form.

In the tables are presented

first the experimental justification of the method used,

and then the ignitlon temperatures found by that method.

The graphs show the variation of the ignition temperabtures

with the fuel rabios

PRELIMINARY TESTS MADE TO VERIFY THE METHOD

Fusel Rates 0,0383 Cu. Fbe. per Min. at 32°F; 760

TABLE II

Fuel Usedé Hydrogen

mmm }Ig °
Air Supplys Surroundings
Muffle Shield Catalyst Ignition Ignition
Furnace Tamgerature Used on the Temperature | Followed by
Temperature i Thermocouple °F Steady
O Combustion
84 882 Platioum |no ignition 0
84 697 " 1677 no
84 749 i 1677 ves
84 910 # 1676 ves
475 700 L 1877 no
805 700 A 1677 no
952 700 u 1875 vos
84 Nl@Sé . Nickel no ignition | no
84 1183 Nickel 1676 vas

a9



TABLE TIII
IGNITION TEMPERATURES OF HYDROGEN DETERMINED IN
COPPER TUBE IGNITION CHAMBER

Amount of Fuel

Inert Gas a8 Fraction of Ignition
Used Stoichiometric Temperature
Requirements oF
1.58 1540
1:38 1528
Argon 119 1525
1603 1520
0,92 1524
1.58 1660
1.38 1583
Nitrogen 1619 B 1532
1403 1507
0,92 1523

%0



TABLE IV

IGNITION TEMPERATURES DETERMINED IN THE TUBE FURNACE

USING A SINGLE AIR TUBE

. Amount of Fuel

Fuel Used as Fractlon of Ignition
Stoichiometric Temperature
Requirements O
Jeb4 1399
1034 1365
Ethanol 1el6 1345
: 1,01 1337
0089 1345
le37 1492
ls16 1474
Iso=-propanol 0099 1464
. 0.88 1467
0.80 1470
1438 1713
1l.21 1690
Ne-propanol 107 1683
1.0L1 1680
0.96 1685
1,19 1593
1.08 15877
Tertiary bubancl 1.00 1573
0,95 1580
0,85 1500
1613 1775
1406 1739
N-Butanol 1.00 1717
0,95 1719
0620 1730
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Amount of Fuel Ignition -

Fuel Usged ag Fraction of Temperature
Stoichiometric oF
Requirements
1e12 425
1,06 1392
Ethyl Acetate 099 1375
0.94 1380
0,89 1388
le22 1879
1s06 1860
Toluene 1600 13858
0.94 ' 1865

0«85 1875




TABLE V

IGNITION TEMPERATURES DETERMINED IN THE TUBE FURNACE

USING THREE AIR TUBES

0679

Amount of Fuel - Ignition

Fuel Used as Fraction of Tempgrature

Stoichiometric : F
Requilrements

leld 1120
1603 1100
Methanol 1.01 1095
0,95 1097
0480 1135
1e15 1188
1,05 1162
Ethanol 1.00 1155
' 0.96 1160
0.81 1182
1.1 1298
1,01 1287
N-Propanol 0692 1290
0.78 1321
0.68 1448
1619 1372
0.99 1350
N«Butanol 091 1352
0.83 1370
0.73 1430
Lol? 15566
' 107 1523
N-Pentanol 099 1502
0.92 1508
0,86 1530
1.08 1545
0,99 1538
N-Hexanol 0,95 1543
0,91 1550
1570

3%



Amount of Fuel Ignition
Mnsl Used as Fraction of Temgerature
Stoichiometric B
Redqulrements
l.11 1638
1,05 1625
N=-Heptanol 1,01 1623
’ 0.98 1638
0.94 1650
lel3. 1692
1,04 1658
N=Octanol 1.00 1654
0.96 1679
0.83 1708
- l.22 1745
\ 1,06 1718
N-Decanol 100 1702
0,98 1704
0695 1708
1.1l 1503
1,03 1477
Iso«Butanol 1,00 1472
096 1473
0«84 1508
1e22 1687
1,06 1533
Iso-Pentanol 0699 1623
0,93 1619
0683 1626
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TABLE VI

IGNITION TEMPERATURES OF HYDROGEN DETERMINED IN THE

TUBE FURNACE WITH VARYING NUMBERS OF ATR CAPILLARIES

Number of Air Amount of Fuel Ignition
Capillaries as Fraction of Temperature
Uged Stoichiometrie . op
Requirements
lo28 1527
lel3 1512
1 106 1508
100 1508
0.89% 1532
le3 1438
1.05 1423
2 1.00 1415
0696 1423
~ 0.88 1428
1610 1402
v 104 1397
3 . 1la0l 1392
- 0,98 1395
1408

0.88

*This value was obtained by extrapolation.
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DISCUSSION OF RESULTS

In the preliminary determinations made to establish
the validity of the method used, it was found, asz shown in
- Table II, that the results obbained by this method are inde-
pendent within limits from the tempesrature of the ignition
chamber, the temperature of the combustible mixture, and the
catalyst useds

The influence of the temperature of the ignition cham-
ber appears to be purely one of heat transfer. In other
words, 1f the btemperature of the ignition chamber is too low,
the rabe of heat radiated from the thermocouple will be so
high that the rate of heat liberated to the thermococuple by
the reactlon will not suffice to ralse the temperature to |
that of ignitione. By the same count, if the chamber tempera-
ture wers too high, the thermocouple temperature should rise
so fast as to reach the temperature of ignition_almost ine
stanbaneously; this was indeed found to be trues

The influence of the temperature of the gaseous mlxture
1s not as readily defermined¢ Apparently, the only real
influence of the gas btemperature is to determine in part”when
ther the initial explosion will be followed by steady comy‘
bustion. Otherwise, since a variation of 900°F caused an
apparent change of only two degrees In ignition temperature,
the ignition tewperature may be considered to remain con-
stant when the temperature of the combustible mixture varies
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over wids ranges,
” When nickel was used as a Qataiyst instead of platinum,
no change:in the ignition temperature resulted. Howsver,
the hemperature to which the ignition chamber had to be
heatéd before ignition occurred was considerably higher than
was necessary when platinum was the catalyst, When heat
transfer is considered, this fact 1s a clear indication that
nickel is by no means‘asvgodd a catalyst as platinum for the
oxidation of hydrogen. Thus, ﬁhe similar ignition tempera-
tures obtained with the two cabalysts cannot be abtributed
to gimilar degrees of catalytic action, and hence the nature
ol the catalyst at the thermocouple junction can be con-
sidered not to influence the lgnition temperature détermined.

When ignition temperaturs determinations were made
using hydrogen as fuel and argon or nitrogen as lnert gas,
it was found that the ignition obtained for the stolchio-
metric mixturé was lower when nitrogen was the inert gas
rather than when argon was useds -This was in agreement with
the results of Naylor and Wheeler.4l

A striking result obtained was the varistion between
the ignition temperatures obtained in the tube furnace when
one alr tube was used and when three air.tubés were used.
The drop in the ignition temperatures When three air-tﬁbes
ware used was sé great for ethanol and iso-propancl thatb
additional debterminations were made using hydrogen as fuel,
The results thus obtained are listed in Table VI, and show

a decresse of meore than L00°F as the number of air Lubes



was increased from one‘to threes Since the hydrogen rate
of flow was maintained constant for the three runs, the
only loglcal explanation for this variation is the poor
mixing of the fuel and alr in the ignition chamber when
absingle air tube was used. Unfortunately, no more capil-
lary tubes were available, and it was not possible to de-
terwine the influence of additional air tubes on the tem-
perature of ignition. Hoﬁever, gince the drop in the ig-
nition temperature between the determinations made with
two and three alr tubes is only a dquarter as great as the
drop between one and two air tubes, 1t may be supposed
that perfect mixing was being rapidly approached,

When the lowest ignition temperatures obtained with
three alr tubes for the normal alcohols were compared, it
was found that they did not fit any simple curve. A gen-
eral increase in the ignition temperature with the number
of carbon atoms was evident, and two equatlions were found
by the method of least squares that fitted the results

within 30°F, These equations ares

A -

t = 00545 + 89.7C c
and
b = 1330 x 100°01125C 5% ¢ € 10
In most cases, the lowest ignitlon temperature déﬁerw
mined was for a fuel-alr mixture close to the calculated
stolchiometric ratio., This was not true for iso-pentanol,

for which the optimum mixture was almost ften per cent

richer in oxygen than the stolchiometric ratioc. This may
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have been caused by some particular lmpurity in the fuel,
but 1t is unlikely in view of the results cbtained with
the other compoundse.

Although there is little in the method used that
would allow one to determine which of the theories on
combustion is the most applicable, one fact was observedb
which could be used as a basis of reasonings after the
initial explosion, steady combustion would result only
if the chamber walls were above a certaln temperafu:e,
or 1f the combustible mixture were sufficiently hote

The combination of these two possibilities repre-
sents good evidence against the thermal theory. This
is obviously so, since any reaction that liberates
enough heat to be self-propagating must of necessity ..
liberate enough to be self-sustaining. Thus, according
to the thermal theory, any combustion that originates
in a cold, gaseous, combustible mixture should not be
ephemeral if a source of fuel and alr existe. Conse
quently, since explosions were §cmmonly not followed by
steady combustion, the thermal theory does not explain
adequately the ignition behaviour observeds

The chain theory, on the other hand, does offer an
explanation for the extinction of the flame. If enough
chain-branching reactions are initiated at the catalytic .
thermocouple, the explosion will radiate from thalt pointe
This will leave an inert atmosphers around the bthermo-

gouple and prevent any further chain-branching reactions
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from belng initiated thére. When the explosion front
reaches the comparatively cold chamber wall, a sufficient
number of_chain«breaking reactions may occur %o halt the
explosion.

The fact that, for a given chamber temperature, a
hot gaseous mixture conbinues to burn while a cold one
does ndt, may be Qonsidered as an argument in favor of
the energy chain as opposed to the material chain, bub

it presents no conclusive argumente



TABLE VII
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COMPARISON OF EXPERIMENTAL IGNITION TEMPERATURES

WITH LITERATURE VALUES

Ignition Temperature Maximum Mininram

Fusl Used of Stoichiometric Literature Literaturs
Mixture,CF Value,°F Value, OF

Hydrogen 1387 = 1520 158056 97917
Me thanol 1095 loés56 87648
Ethanol 1155-~ 1337 105456 - 73797
N-Propanol 1287 - 1660 100476 61057
Iso-Propanol 1464 118057 85348
N-Butanol 1350 = 1717 69757 65548557
Iso-Butanol 1472 100756 81348
Tert-Butanol 1573 111357 89248
N-Pentanol 1502 e - e
Iso-Pentanol 1619 - R
N-Hexanol 1538 57248 57248
N-Heptanol 1623 o R
N~Cctanol 1654 s -
N-Decanol 1702 55520 55520
Ethyl Acetate 1375 90348 90348
Toluene 1858 117296

96098




SUMMARY AND CONCLUSICNS

The purpose of this investigation was to develop a
method Qf determining ignition temperatures that would re-
quire small amounts of fuels and that would be frees from
the harmful effeets of catslysis. To this effect the
method used was devised, in which small streams of gaseous
(or vapourized) fuel and alr were injected into a tubular
ignition chamber by means of stainless steel caplllary
tubess The ignition chamber was heated to below the igni-
tion temperature, and the ignition was initiated at the
junctlon of a catalytic thermocouples The temperature of
the thermocouple at the instant of ignition was considered
to be the true ignition temperature.

Preliminary tests demonstrated the method to yield
results independent of the Lemperature of *the ignition
chamber walls, the temperature of the combustible mixe-
ture, and the nature of the catalyst used on the thermo-
couples |

In gubsequent determinations, the ignition temperam
tures of hydrogen, ethyl acetats, toluene, and thirteen
alecohols ranging from.methanol to n~decancl were deter-
mined for various fuel-air mixtures. In general, the
lowest temperature of ignition for any fuel occurred at
or near tThe calculated stolchiometric ratio;

Determinations made with a varying number of air
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capillaries demonstrated that the first ignition Temperae

ture determinations were much too high, probably because

improper mixing of the fuel and air occurred when a single
alr capillary was usede

The ignition temperatures of stolchiometric mixtures

of the normal alcohols showed an increase in the tempera-

tures of ignition that could be represented by the follow-
ing two equations with an accuracy of 30°F:

b = 005.5 +# 89,.7C | 4
£ = 5% ¢% 10

The behavipur of the flame after ignition had occurred

C

- N

1530 % 100011250

led to the concluslion that the method of flame propagation
was more likely to be through ohainnbranohing reachions

than through heat conduction. Whether the chains involved

are material or of the energy type is not determined, but
there i1s a slight indicatlon in favour of energy chainse
The method used in this research 1s of importance be-
cause of i1ts novel approach and becauss éatalytic inflive
ence of the temperature of self-ignition has been elimi-
nated. However, the matter of obtalning a truly ﬁcmogem

nous mixbture has not been attempied.

The following modifications of the apparatus are there-
fore suggested if further work 1s contemplateds

le More than three sir caplllaries should be used.

Enough tubes should be added; one at a time,

that any further increase would not resulbt in
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a lowering of the ignition temperature. Thus,
a correlation between the number of alr tubes
and the degree of mixing could be obtained.
An interesting possibility would be to use this
method to‘develop a satisfactory method of de-
termining the degres of mixing of gaseous
fluidse
2« Variatlons should Be made in the tube furnace
as followss
e The tube furnace should be made longer,
with a 1ong mixing sectlion heated only
to a few degrees above the boiling polnt
of any liquid fuel used, and a short lge
nition section that could be heated to
whatever temperabure may be required to
cause the thermocouple to ignite the
mizture.
be The tube should be so devised that a
gleeve could be inserted so as to deber-
mine whether the diameter of the chamber
has a strong bearing on the ignition tem-
perature., If the tube is long, the flow
rates could be determined so as to have
the same periocd of induection in both
tubes.
A possiblility that should also be kept in mind is thaib

the preéént method could be used as an accurate and rapid



means of determining the comparative degree of catalytic
effects of various methods. This could be debermined as

g function of the minimum temperature of the tube walls

required Lo cause lgnitione
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APPENDIX A

CALIBRATION OF HYDROGEN AND AIR STREAMS



TARBLE

VIII

CALIBRATION OF AIR FLOW IN SINGLE CAPILIARY

Air Lipe Air  |Barometric|Time Required |Caleulated
Pressure| Tenperature| Pressure | to Displace |Flow Rate
~ psi. OF mhe Hgo |One Liter of |Gme Mols Og
Water, Seconds| per Hour
20 6246 757 o3 84e5 04366
30 6246 7B o3 5340 04582
40 6246 757 o3 4248 04722
50 626 757 o3 3440 04915
60 626 757 o3 2947 1,045
70 6167 757 o3 2545 1.22
80 6167 757 o3 2242 1440
90 6147 757 o3 1947 1458
100 61,7 757 o3 17 o7 177
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TABLE IX

CALIBRATION OF AIR FLOW IN TRIPLE CAPILLARY

Aif"Liné Airp Barometric Time Required Caloﬁlated
Pressure Temperature Pressure to Displace  Flow Rate
psi OF mm. Hg One Liter of  Gm. Mols Og
Water, Seconds per Hour
20 7300 730 23,6 1.31
30 7245 730 18,7 1.65
40 7245 730 15.0 2406
50 7240 730 12,5 2.48
60 715 730 10,6 2,94
70 7165 730 0.2 - 3638
80 7165 730 840 5.86
90 7160 750 o2 4033
TABLE X

CALIBRATION OF HYDROGEN FLOW.

Hydrogen. Hydrogen Barometrie Time Required Calculated
Pressure Temperature . Pressure  to Displace Flow Rate

psi oF -~ mm. Hgo One Liter of = Gm. Mols Hp
Water, Seconds per Hour

10 6246 7573 5140 2489
15 626 75743 42,2 3650
20 62.6 7573 30.0 4,92
25 62.6 7573 23,0 6442
30 62.6 75745 1845 7498
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LIQUID FUEL COMPOSITIONS AND FLOW RATES
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TABLE XTI

COMPOSITION OF THE
Methanol

Acidity (maximum) + o o o o o o o o
AS Say & L ® L G L © -] o 9 L X 4 o
Non-volatile matter o o o o o s o o
Alkalinity (maximum) ¢ o o o o o o
Solublility in water o« o o o o ¢ ¢ o
Boiling range .« o o ¢ o o o 6 o s o
Substances darkened by sulfuric acid
Substances reduced by KMnOg o o o »
Acetone and aldehydes o ¢ o 6 o o @

Ethanol

Commercial grade, 95% efhaﬁol;"\

Iso~-Propanol
BOiling TAIES e o 2 o & o & o o o s
Non=volatile matter « o ¢ o o o o o
Acidity as acebic acld « o o ¢ o »
Solubllity in water ¢ s ¢ ¢ » o o o
Water content « » o o 6 o o o 5 o o

N~Propanol
Boiling range e o & © ® ©6 0 & & o &
Non-volatile mabLer « ¢« o o« o ¢ o o
Acidity as acetic acld ¢ o o o o o
Substances precipitated by water .

Iso~Butanol
Acidity as butyric acid « s o ¢ o o
Bolling rang® o o o o6 s o o o o o
Non=volatile matter s s o o o ¢ e
Solubility in wabter o+ s o ¢ o o o »
Water content » o o ¢« o ¢ @« 6 o =

79

2 © & o

¢ © & o O

€ o o o &

FUELS

& o o & © o ® § o
% & o & 6 o © o o
2 @& © e & o 2 ¢ @

¢ & % ¢ ©
& & © & o 0 4 9 ¢

3 0 o o

e 8 & & o
¢ & ¢ © ¢

s o € @& o

o & ¢ &

3 & B 0 O

0402%

99.5% by volume
0.,001%

0.+0003%

passes test .
64,0 = 65,0°C
passes test
none

0.+003%

062°C
0.0008%
0.002%
passes test
0.,05%

96 ~O§7.1°c
0.000%
0,002%

nene

0.003%
107 - 109°C
0000%
passeg test
passés test



NeBubanol
Boiling Tange o o o o« a o o » o o o ¢ 6 o 116 = 11800
Free aCld L4 - K- > * -3 -4 & 4 - L] * o E 2 (-] @ O O
Non-volatile matter ¢ 6 6 s o 6 & v s o ¢ o 0,0
Tert-Butanol
Matheson Co. lot number 5048
Chemically puree. No analysis reported
N~Pentanol
Practicales Bolling range 135 - 137°C
Iso=Pentanol
BOilil’lg PAnNgd s o ¢ © e © a e 6 o© & ® O & -0 129 = 15200
Non=volatile mabter o ¢« ¢ o o o o s o & = @ 00004%
Acids and esterse « o« o ¢ © & & o e & o6 o o OGOSO%
Aldehydes « » o ¢ ¢ ¢« 6 0 # 0o o ¢ ¢ o o o & NONE
Pyr:!.dlne % ® © @ 6 © o © 6 © ° & & & © © b 00001%
Substances darkened by sulfuric acid: » « s« Dpasses test
N~Hexanol

Practical
Minimum content of n-~hexanol + o PR 95%
BOiling I‘ange 6 o ¢ @ © ©® ©6 &6 © © ¢ & ¢ & O 155"’15800

L 3
L 3

N-Heptanol

Highest puritye
BOilir}.g Pange o ¢ o o + 6 o o 6 o & 6 ¢ & b 174 = 1!7600

Highest purlity.
BOilil’lg Lange ¢ o ¢ » © © o ¢ 6 & e & o & O 191 = 194:00

NeDacsanol
Practicale

Minimum content of n-decanol o e« o o o o 90% plus
Melting point range s « o s « « ¢ o o s » o L = 59

@
o

80



81

Ethyl Acetate

Minimum content of ethyl acetate « o 99 ¢5%
Free acid as acebtic acid v o o o ¢ o o o o « 0401%
Non=-volatile matter s o ® © & © & © # & o o OoOOS%

L)
-2
s
-]

Toluense
Non-volatile matter o o o o o o « o o ¢ & o 0s001%
Acid Oor alkall s o o o © o o o ¢ ¢ o © s & % O»QOOO%
Substances darkened by sulfuric acid . « « o passes test
Sulfur compounds a8 8 o s o ¢ o o o o & o o 0s003%
Water content o » o o o s ¢ o ¢ » ¢ o & o o passes test

Hydrogen
Commercial grade bottled hydrdgéno



TABLE XII
CALIBRATION OF FUEL RATES

Weight Rate

Weight of Weight of
Puel TUgsd Empty Flask Flask and of Fuel Flow
Grams fuel, Grams Grams per Hour

Msthanol 63,2106 1132332 50,0226
Ethanol ' C

(Run Noes 1) 56 «D368 8560417 1845049
Ethanol , _ '

(Runn Noa 2) 632038 996121 36 «£083
N~Propanol ‘

(R‘UI]. Noas l) 63 «D433 86 «0855 2265422
Ne=Propanol '

(Run No. 2) 64,2207 04,6314 5044107
Iso=-Propancl  66.6682 808507 1441825
NeBubanol 6302411 935314 302903
Iso~Butanol 6302218 103 64336 40,2118
Tert=Butanol 6546549 81,0793 1564244
N-Pentanol 66..2258 10063441 3401183
Iso=~Pentanol 6362217 10563060 42,0843
N~Hexanol - 6402236 94,6441 3064205
N=-Heptanol 63.2160 95,2153 3169993
N=Octbanol 66 02418 96 .6621 3064203
N~Dacanol 64,2468 107 65331 43 2863
Ethyl Acetate 6261185 89,8193 27,7008
Toluene 6364122 786441 1562319
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TABLE XIII

PRELIMINARY DETERMINATIONS MADE TO VALIDATE THE METHOD

Fuel Rates 0.0383 Cus Fte per Minute
Alr Supplys Surroundings

Shield Furnace Nature of Catalytie
Thermocouple Thermocouple Catalyst on Thermocouple
Millivolts Millivolts Thermocouple Millivolts at
Ignition

2688 Oo17 Platinum No Ignition

860 n

. 8959 n

2096 Oel7 Platinum 8s58 1
8461l n

B8.60 n

8.60 ¢

4 8659 ¢

3023 Oel¥ Platinum 8459 ¢
8660 ¢

8e59 o

8658

‘ 8.59

4,10 017 Platinum 8657
8460

8658

o000

860

v 8659

2698 Ls83 Platinum BeH8
' Be61
80860

BopBD

8.52
BeBl 1
2698 3 eHD Plabinum B«B8 m
DebH 1
EeB2 1

g
B
§

= Initial explosion not followsed by steady com=-
bustion '
#% ¢ = Initial explosion followed by steady combusticn.
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Shield Furnace Nature of Catalytic
Thermocouple Thermocouple Catalyst on Thermocouple
Millivolts Millivolts Thermocouple Millivolts at
’ Ignition

8,58

‘ ' 8457

2698 4433 Platinum 857
8,59

8457

[« I eI ¢ I v R ¢

4,78 017 Nickel . No Ignition

8659
8658
21D 663 06l Nickel 8.56
8457
8658

O 00

[e e

98
i

i



TABLE XIV

HYDROGEN IGNITION DETERMINATION, NUMBER ONE
Number of Air Capillariess One
Inert Gasg Argon
Fuel Rates 0.,0383 Cue Fhe per Minute
Shield  Adr Catalytic
Thermocouple Pressure Thermocouple

Millivolts psig Millivolts ab
Ignition

7e74
775
3670 50 774
7 o'l 4
75

7«67
768
3679 60 7«68
7 0677
Vo067

764
76695
3089 70 7665
7e64
787

761
7463
4604 80 761
761
7663

7 a65

: 7664

4e22 90 764
7 665

7663




TABLE XV

HYDROGEN IGNITION DETERMINATION, NUMBER TWO

Number of Air Capillariess One

Inert Gass Nitrogen

Fuel Rates 00,0383 Cu. Fhe per Minuke

Shield Air
Thermocouple Pressure
Millivolts psig

Catalytic
Thermocoupls
Millivolts atb

Ignition

3610 20

8650
80852
8651
852
8e52

Sl0 60

8615
Bel4
Bel3
8416
8618

4016 70

769
7ol
7ol
770
769

4024 80

7«05
7 56
7654
7055
754

do24 90

763
765
764
sals
7663

87



TARLE XVI

HYDROGEN IGNITION DETERMINATION, NUMBER TEHREE
- Number of Ay Capillariess One
Fuel Rates 060383 Cus Fte per Minube
Afp Catalytic
Pressure Thermocouple
peig MillivolEs atb
Ignition

7 64
7 o656
70 7 066

80 7 eB7

85 7006

90 7 053

100 To®

88



TABLE XVII
HYDROGEN IGWITION DETERMINATION, NUMBER FOUR
Numbexr of Alr Caplllaries: Two
Fuel Rates 0.0383 Cues FHe per Minute
~ Alir Catalybie
Progsure Thermocouples

psig Millivolts ab
Ignition

7 «l3
Tell
16} 7eld
7elB
7 el

7 002
7 004
40 7 601
7 603
7 005

700
6498
43 6498
6.99
6698

7 508

702
45 7«03

7 602

7 04

7ell
7 d0
50 708
T o08
7 61O

(90}
o



TABLE XVIII

HYDROGEN IGNITION DETERMINATION, NUMBER FIVE
Number of Air Capillariess Thres
Fuel Rate: 00383 Cue Fte per Minute
Air Catalybic
Pressure Thermocouple

psig Millivolts atb
Ignition

6 .91
6091
20 5490
6 693
6,90

6«88
689
22 6 «87
6«88
6 056

6 687
6086
235 6 084
6 e85
6«85

25 | B .87

30 5495

20



TABIE XIX

METHANCL IGNITION DETERMINATION
Number of Alr Capillariesg Thrise
Fuel Rates: 50,0226 Grams per Hour
Air Catalytic
Pressure Thermoconuple

psig Millivolts at
Ignition

5025
529
40 5427
5 629
527

5415

5el5

45 5el4
: Bel3

5,16

5614
5612
47 . Bel2
5ol
Bell

5sl3
5e¢l4
50 BedH
Hel2
Boeld

5233
5437
60 : BedD
5ed%
BedD




TABLE XX

ETHANOL IGNITION DETERMINATION; NUMBER ONE
Number of Alr Capillariess_Ona‘
Fuel Rates 18.5049 grams per Hour
CAir Catalytic
Prassure Thermocouple

psig Millivolts ab
Ignition

6e73

' 6675

5@ ’ 6 JY'Z
6676

6o74

653
6 452
60 6450
6eb4
6054

6 o4l
6 044
70 6.043
6 o4l
6 ode

6 636
638
80 6.037
6638

6 37
6 o422
6 o4l
90 6 643
5 od4
6 242

e



TABLE XXT

ETHANOL IGNITION DETERMINATION, NUMBER TWO
Number of Air Capillariess Three
Fuel Rate: 36.4083 grams per Hour
- Air : Catalytic
Pressure Thermocouple

- psig _ Millivolts atb
Ignition

5466
5665
40 5667
567
D65

5602
5651
45 5601
5650
5052

5 o 47
5046
47 o5 5446
5648
5647

5451
5650
50 5 049
5«48
5650

5061

: 5¢63
60 : Bo61
5662

562

o I
€1 -



TABLE XXIT

N-PROPANOL IGNITION DETERMINATION, NUMBER ONE
Number of Air Capillariesy One
Fuel Ratez 22,5422 Grams per Hour
Air “Catalytic
Pressurs Thermocouple

psig Millivelts at
Ignition

8.80
Be83
70 882
8,81
8680

B0 67
8465
80 Be67
8,66
8667

90 8,62

95 8460

100 8.64

Q94



TABLE XXIII

N~PROPANOL IGNITION DETERMINATION, NUMBER TWO
Number of Air Capillariess Thres
Fuel Rate: 30,4107 Grams ﬁer Hour
- Air Catalytic
Pressure : Thermocouple

psig Millivolts at
Ignition

631

| 629

40 | 6430
631

6430

624
6623
45 6625
6422
6e24

6425

o 6427

50 626
625

6424

Ge45
6042
60 Ge4d4d
Be43
6643

700
698
70 699
701
6499

o -
o1



TABLE XXIV

I1SO=PROPANOL IGNITION DETERMINATION
Number of Air Capillariess Ons
Fuel Rates 14,1825 Grams per Hour
~ Atr Catalytic
Pressure Thermocouple

psig Millivolts at
Ignition

728
7629
50 7229
7430
7628

7618
719
60 PR R
7ol
7618

7ell
Tell
70 7412
Teld
7el2

7eld
7ol
80 Toeld
Teld
7.el3

76l5
7el4
90 716
7el6
7617




TABLE XXV

N-BUTANOL IGNITION DETERMINATION; NUMBER ONE
Number of Alr Capillarlesg Onse
Fuel Rate: 1995351 grams per hour
. Air Catalytic
Pressure Thermocouple

psig Millivelts at .
: Ignition

920
9,18
80 D419
9,21
Q:21

8497

B.499
85 9,00

8,98

8699

8485
8,83
20 e 8.84
8685
Be85

885
8,86
95 8687
8086
8085

8490

' _ 8493
100 8.92
8693

8.91




TABLE XXVI

N-BUTANOL IGNITION DETERMINATION, NUMBER TWO
Number of Air Capillaries: Three
Fuel Rate: 30.2903 Grams per Hour
 Air Catalytic
Pressure Thermecouple

psig Millivolts at
Tgnition

6670

672

40 674
. 6,73

6672

660

\ 6+59

50 6660
661

6660

6.60
661
5o 661
6460
661

670
6073
60 672
671

6673

710
7.08
70 7408
707
7409




TABLE XXVII

TERTIARY BUTANOL IGNITION DETERMINATION
. Number of Air Capillariess One
Fuel Rates 15.4244 Grams per Hour
Air Catalytic
Pressure Thermocouple

psig Millivolts at
Ignition

7490
7.91
70 7,91
7490
789

7679
7+80
80 788
779
7680

7476
7678
85 7477
7678
777

782

: 7e8L

20 7681
783

7481

795
794
100 7693
Te94
7295

99



TABLE XXVIII

ISO-BUTANOL IGNITION DETERMINATION
Number of Air Capillaries: Three
Fuel Rates 40,2118 Grams per Hour
Air Catalytic
Pressure Thermocouple

psig Millivolts at
Ignition

7602
750
60 7e54
753
7453

763D

: 7237

65 - 7636
7 o35

736

7032
7 o34
67 7033
734
Ted3

7,35

o33

70 7 035
7 ed%

7 ¢ BS

7655

. 7653

80 7650
756

7B

100



TABLE XXIX

Ng?EN?AHOL‘;GNIT;QN‘DETERMINATION
Number of Air Capillaries: Three
Fuel Rateg 34.1183 Grams per Hour
Air Catalytic
Pregssure Thermocouple

psig Millivolts ab
Ignition

785
784
50 780
7686
7+85

765
7662
55 766
7665
7464

7 849
7452
60 7654
7450
7651

Te57
7656
65 7454
7657
7685

7466
7669
70 7069
768
7« 6%

L0L



TABLE XXX

ISOfPENTANOLiIGN;?IQN DETERMINATION
Wumber of Air Capillaries: Three
Fuel Rates 42,0843 Grams per Hour
Air Catalytic
Pressure Thermocouple

psig Millivolts at
Tgnition

8e65
. ' 8065
60 8.66
8464
8466

85430

B33

70 Bed2
‘ 8630

Be31

8,27
8625
75 Be26
Be24
824

Be24
8,22
80 8423
8424
8423

8,28

| 8,26

90 8027
8029,

825




TABLE XXXT

N~HEXANOL TICGNITION DETERMINATION
Wumber of Air Capillaries: Three
Fuel Rate: 3044203 Grams per Hour
Alr Catalytic
Pressure Thermocouple’

psig Millivolts atb
Ignition

776
779
50 7676
7,78
777

Te7l
T4
55 Te 1S
7673
772

7475

7«76

57@5 ' 776
' 775
77

781

| 7679
60 780
7481

7481

791
794
70 7693
791
793




TABLE XXXIT

N-HEPTANOL IGNITION DETERMINATION
Number of Air Capill;riesé Three
Fuel Rates 31.9993 Grams per Hour
 Air - Catalytic
Pressurs Thermocouple

psig Millivolts at
Ignition

8436
Be33
50 8635
8o 34
B35

8,27
B8.28
53 8426
8428
8429

8e.24
825
55 8425
B8+26
Be26

8656
Bod4
57 834
8656
835

Sod4
8e40
60 Bo4d
Be43
Be42

104



TABLE XXXTIII

N-OCTANOL IGNITION DETEBMINATION
Number of Air Capillaries: Three
Fuel Rates 30.4203 CGrams per Hour
Air Catalytic
Pregsure Thermocouple

psig Millivolts at
Ignition

8467
8670
50 8469
8.68
8,67

55 : 80

57 8045

60 8460

70 | 8.80




TABLE XXXIV

N~DECANOL ICNITION DETERMINATION
Number of.Air Capillariess: Three
Fuel Rate: 43.2863 Grams per Hour
Air Catalytic
Prassure Thermocouple

psig Millivelts at
Ignition

9,01
9603
70 9,00
Oe04
0,02

80 8485

Be'74

: 872

85 Be75
Be74

Be'75

90 ' 8480

106



TABLE XXXV

ETHYL, ACETATE IGNITION DETERMINATION
Number of Alr Capillariess One
Fuel Rate: 27.7008 Grams per Hour
Air Catalytic

Pressure Thermocouple
psig Millivolts at

Ignition

705

7407

80 7603
- 7008

7 604

6485
6687
85 683
6086
685

6475

676

90 675
‘ 6674

6.75

678
679
95 677
6e78
6,78

6680
100 6o81
682
6+80

107



TABLE XXXVI

TOLUENE IGNITION DETERMINATION
Number of Air Capillaries: One
Fuel Rate: 16.2319 Grams per Hour
Air Catalytic =
Pressure Thermocouple
psig Millivolts at
. Ignition

991

’ 9.88

70 9,89
9.88

9490

9675
9273
80 9676
975
D674

9,73
9,72
85 Oe74
Q674
9673

9,78

' 9,77
20 9.80
90’75

977

9 LS 87
9486
100 9.90
0488
0686

108



APPENDIX D

SAMPLE CALCULATIONS AND NOMEWCLATURE



SAMPLE CALCULATIONS

Flow Rate of Air

Qgggg Run useds Alr calibration for flow in single
capillary tube with an alilr pressure of 20 psig
(see Table VIII).

Atmostpheric pressure during run: 757.3 mm Hge

Temperature of water displaceds 62.6°F,

Time required to collect one liter of wet airs
8465 secondsQ _

Volume of one gram-mol of gas at 760 mm Hg;, and
492°R 1s 22.4 liters.

Vapor pressure of water at 62,6°F: 14,5 mm Hg.

Oxygen content of dry air: Taken as 20.9% by

voliume.

Calculationg: Absolute temperature for run is
480 4 62.6 = 522060‘30

Flow rate of air in terms of oxygens

Flow rate = 1(757.3 = 14,5)x 492 x 3600 x 0,209
T 760 B22.6 84.5 2.4

Flow rate = 0,366 gram mols of oxygen per hours

Flow Rate of Hydrogen

Datas Run usedg"Hydrogen calibration at 10 psig up-
stream pressure.(sse Table X).

Atmosphéri@ pressure during rung 757.3 mm Hg.

110
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‘Temperature of water displaced: 69.4°F,

Time required te collect one liter of wet hydrogen
was 5l.0 seconds,.

Vapor pressure of water at 62.6°F = 14.5 mm Hg.

1 cubic foot 1s equivalent 1o 28.32 liters

Calculationss Absolute temperature for run is

460 + 62.6 = 522,6°F,

Molar flow rates

i

Flow rate

Flow rate = 2.89 gram mols per hour.

1(7578 = 14e8) x 492  x 3600 x . 1
780 T, TBEET®

Volumetric flow rate, cublc feét per minutes

Flow rate = £,89 % 22,4 x _1
A [

)

Flow rate = Q.0383 cuble feet per minute.

FueleAlr mixture with hydrogen ag fuel
Datas RHun used: Hydrogen lgnitlion using argon as lnert

gag, with aly llne pressure of BO psig (amee
Table III). |

From Table VIII, flow rate of oxygen = 0,915 gram
mols of oxygen per hour,

From previeous esaleulabion, flow rate of hydrogen
18 B.89 gram mols per hours

 The oxidation reaction isg 2Hp + Op st 2H0

Galoulationss The number of molg of hydrogen required to

reduce 0,918 mols of oxygen per hour is thuss
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Mols of hydrogen required = 2(0.915) = 1.830 mols
per hour, ‘

The amount of hydrogen supplied, as fraction of
stoichiometric requirements is thuss

Hydrogen supply = 2.89 = 1.58 stolchiometric

L.83
regquirements.

Molar rate of flow of liguid fusl

Datas Run used: Methanol.(see Table XII). |
o Flow rate of methanélz 50.0266'gfams per hours.

Formula weight of methanols 32.04

Caleulationsse

Molar flow = 50,0266 = 1.563 gram mols per hours
3204

Fuel-air mixture with a liquid fuels

Data: Run useds Ignition of methenol using air at
| 50 psig (ses Table XIX).
From Table IX, flow rate of oxygen is 2.48
gram mols per hours.
From previous calculations, flow rate of methanol
is 1.563 gram mols of methanol per hour.
The oxidation reaction iss

QGHSOH %"502 sépngOZ + 4Ho0

Caleculationsg: The number of mols of methanol regquired to

reduce 2,48 mols of oxygen per hour iss

Mols of methanol required = 2(2,48) = 1.65
T



The amount of methanol supplied, as fraction of
stoichiometric requirements ia thuss
Methanol supply = 1,563 = 0,947 stoichiometric

l.65
requirements.

Ignition temperature

Datas BRun useds Ignition of methanol using air at
50 psig (see Table XIX).
-Catalytic thermocouple readings at the moment
of ignitlion wers:

5:25, 5.29, 5.27, 5s29, 5.27 mv,

Caleculationss Average reading issg

59;1,5 + 5@14 + 5.01.5 + 503«2 +- 5:1
5] .

Average reading = 5.14 millivolts, rounded off
to the second decimal place,
From the Platinum~-platinum 10% rhodium conversion
table with reference junction at 220Fs 3L
Millivolts at 1095°F = 5,126 mv. |
Millivolts at 1100CF = 5,155 mve
By linear interpolation,; 5.l4 corresponds toc an

ignition temperature of 1097°F,
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Pinding edquations giving a satisfactory relation between

the number of carbon stoms in the normal alecohols and

their ignition temperaturess:

From Table Vs Normal Alcohol Lowest Ignition
number of carbon Temperature
atoms Determined

1095
1155
1287
1350
1502
1538
1623
1654
1702

DO~ UGN H

=

Using the first eight values, it is seen below that the

differences never become constants

1095 1155 1287 1350 1502 1538 1623 1654
60 132 63 152 36 85 31
72 ~69 89 ~116 49 -54
~141 158 =205 165 =103
299  ~363 370 -268

This inersasing dilvergence of the differences means that

there is no unique polynomial that fits the points. In

addition, an equation in the form of the sum of trigoﬁmn

metrie funetions was not considered desirable because of

its length and of its lack of smoothness bebtween the pointg.
By plotting the minimum ignltion btemperatures of the

normal alcohols versus the number of carbon stoms in the

molecules on Cartesian, semi-logarithmic, and logarithmie
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graph paper, it was found that the data could be repre-
gented with a fair degree of accuracy by two lines: a
straight line between methanol and butanol, and an expo-
nential curve between pentanol and decanol.

Once the nature of the lines had been ascertained,
the equationsg were determined by the method of least
squares?

l. The gtraight linss

2

c % ¢ ot
1 1095 1 1095
2 1155 4 2310
3 1287 9 3861
4 1350 16 5400

10 4887 30 12666

From the above‘tabulation, the followlng two equaw
tions are obtaineds
4a + 10b = 4887
10a # 30b = 12666

Solving them by Cramerts rle:

4887 10 |
s = 2666 30l = 995,.5
Lo
10 30|
& 4887
b =110 12666l = 89,7
VI 16
10 30

Thus, the equation of the straight line becomes:

t = 995.5 + 89,7C



A check of the eguation against the experimental
points showed the edquation to fit the points to within
325°F,

2. The exponentlal curves

¢ Liog c® C Tog &

5 3.17667 25 15.88335

6 3018696 36 19.12176

i 3.21032 49 22,47224
8 3.21854 84 25474832
10 3623096 100 B2.30960
36 16,02345 = 274 115.53527.

whences
Ba + 36D = 16402345
36g + 274b = 115,53529

Solving the equations for a and be

a = 3.12372
b = 0401125
Therefores ‘
Log t = 312372 + 0,01125C
or,

t = 1330 x 10001183C

A check of the equation against the eiperiméntal
points showed the eQuation to fit the points to within

1+ 30°F,
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NOMENCLATURE

2 constante
a constank.

the number of carbon stoms in a molecule
of normal alcochole

the energy of activatione

- the resction rate constante
-Avogadrols number.
= g8 consbanbe.

- the heat of rsaction per gram-mole of

product.

= the heat of reaction per molseeule of

products

= the amount of heat liberated per second

by the reactione

the amount of heat conducted away per
second by the vessel wallg.

the universal gas constant,

the wall area of the reaction vessel.
absolute temperature.

temperature in degrees PFahrenhelt.
the volume of the reaction vessel.

the velocity of the reaction in the
gaseous phases

the ecoefficient of heat conductivitye.
degrees Fahrenheit.

degrees Rankine.
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