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PBEFACE 

The present study of the self-ignition temperatures of 

fuels was made possible through a grant made by the United 
. - - - . 

. States Arm.y Air Corps to the Research Foundatio~ ~f the Okla• 

homa Agricui.tural and Mechanical College. The object o.f 

the investigation was to devise a method of determining self

ignition temperatures that would not reflect the degree of 

catalysis occur.ring at the wall of the chamber. 

The writer is indebted to Drs. Luis E. Bartlett and 

Charles L. Nickolls for their valuable guidance in this pro

ject, as well as to the remainder of the staff of the School 

of Chemical Engineering at the Oklahoma Agricultural and Me-

chanical College for their assistance and co-operation. In 

particular, the author is grateful to Mr. Eugene McCroskey 

for his skil.lful aid in constructing the equipment, and to 

Mr. Robert Maddox: for generously preparing the photographs 

that appear .in this thesis. 

Stillwater, Oklahoma 

.July.. 61 1..953 

iii 



Chapter 

II. 

III. 

IVo 

v. 
VI. 

VII. 

VIII. 

TABLE OF CONTENTS 

l?age 

THEORIES OF SELF-IGNITION ·• -0 • 1 

The Ther.nw.l Theory • .. • .. .. • .. • • l 
The Chain Theory .. • • .. • o • o .. • • 5 

METHODS USED BY PREVIOUS INVESTIGATORS .. .. 8 

EVOLUTIO:N OF THE APPARATUS • • e • O' (ii O -• 12 

DESCRIPTION OF TBE APPARATUS ••·vo--eo·tti 15 

The Fuel Str•eru:n .. .. • .. • • .. .. • • .. 15 
The Air Stream .. . • .. • • .. • o .. .. • • 16 
The :j:gnition Chamber o .. • • .. .. o • .. 17 
The Therinometri.c' Section • .. • .. .. ,. .. 18 
The Inert Gas ·stx•eafa ~ .. • .. .. .. .. ., .. 19 
The Calibrating Sect1.on • • • • o o .. 19 

. . . . 

PROCEDURE o -b 0 . ... . . .. . " .. • • • •• 
RESULTS ••• . .. . . . -0 0 0 • 4 • -9 o e ~ 

DISCUSSION OF RESULTS ... 

SID/IlJ.rARY AND CONCLUSIONS .. 

~ . . . . . . . . 
. . .. • (t • • . ... 

25 

29 

60 

66 

BIBLIOGRAPHY .. 
" 0 • • .. 0 .. . .. . . .. .. .. 0 .. " 70 

APPENDIX ....... 1't 0- 0 e- e- " .. • -• ,e 9 .. • . . . 74 

A. Calibration of Hydrogen and Air Streams 75 
B. Liquid.Fuel Compositions and.Flow Rates 178 c. Ignition Ternperat1,tre Data o .. .. • • • .. 83 
Do Sample Calculations and nomei-:wlature .. 109 



LIST OF TABLES 

Table Page 

I. Ignition Temperatures of Hydrogen :i.:n A::t:r, .. " ll 

IIo Prelimma.ry Tests Tula.de to Verify the lv'lethod 29 

III. Ignition Temperatures of Hya.rclgen Dete:r•J:hinerl 
in the Coppe:r' Tube Ignition. Cha.mbe:t? " , .. • 30 

IV.- Ignition Temperatl:i.res Detennined in· the· T1ibe 
Furtu:1.ce Using a Single Air Tube o .. • • ... 31 

v. Ignition Temperatures Determined :tn·tne·Tube 
Furnace Using Three Air Tubes o ... o o .. 33 

VIo Ignition Ternper·atures of' Ryd:r,ogen Determ:i.ned 
i:r1 t;he Tube Furiw.ce vlith·Varying-Nu:mbe:i:·s· 
of Air Capillaries c o ......... ~ ... 35 

VIIo C..omp:1rison of Exl)®J.0 imeni:;al Igni ti.on Tempera.:. 
tu.res with Literatu1"'e Values .. .. .. • • • 65 

VIII., Cialibration of Ai:r• Flow in S i:.11.gle Capillary ?6 

IX. Calibration of Air Flow in Trip1e Cap:i.lla.ry '77 

c~.libration of Hydrogen Flow 0 {I • .. • " • .. 
n. Co:mposi.tion of the Fuels • . .. • .. ., .. .. .. .. .. 

XII. 0$,lib:r·atiion of Ft1el R8.tes 

XIII. Brelimin.ar;:-y Determi:ru:i:l:;ions I\llade. to V:9T:i.da te. 
-the 11ethod .. • e • • " " • " 0 .. 0 • 0 0 84 

XIV• Hydr•ogen Ign:i.tion Determinat5.on.:, N1.1111be:r' On.e 86 

xv. Hydrogen Ignition Determiri.at;ion, :t:hur1.hsr Two 817 

H:v·drogen Ignitlon · Dete:i:'.minatdon1 Ul1.ti:J:ber 
Th:P€H:2\' o o ,. e o e o o • w • " • " • • 88 

X.i.TIIo 1-Iydrogem Ig:riJ..t;ion Determination.i> m.xmbe:r' 
Fo1.:t.r .. .. .. .. .. • ., .. ., o .. ., .. .. o .. .. .. 

XVIII. Hydrogen Ignition De t;e:r'l'.l1ii1atJ.6n; N1.JJ11ller 
Five ., • o .. o ., " ......... ~ • o • o .. 

V 



'fable Page 

XIX. Methanol Ignition Determination. • • • • 91 

XL Ethanol Ignition·Deter.niination; Number· 
One .- • • • • • • • • • • • • • • • • 92 

UT. E.thariol Ignition ·neter.ril.i:riation~ Number· 
':rwo -•- • • • • • • • • • • • • • ... .. •.. 93 

XXII. N-Propanol Ignition Det~r.m.ination,·Number 
One • ·• • .• • • • o .. • • • • • • • • 94 

DIII. N-Propanol ·Ignition Determination, Number 
Two • • ·- .. • • • • • • • ·- " • • • • - 95 

DIV. :t~o-Propanol Ignition Determination •• _. 96 

XXV. N-Butanol Ignition Determination, Number. 
One • • • •. • • • • .. • • • • .. .. • ... 97 

XXV'Io N-Butanol Ignition Determination, Number· 
'fwo • • .. • • ... • • • ... •- • .. • • .. • · 98 

:XX.VII •. · 'fer~ia:1?Y Butanol I$ni tion Dete:rmin~t~on • 99 

_x;x.vrrr. I110 .. Butanol Ignition Determina~ion~ • • • 100 

XXIX. N.:.Pente.n-ol Ignition Determination • • • • 101~

xu:. I~o-Pentanol Ignition Determina~ioJ?, ••• 102 

XXXI. N:"H~~o?,. Ignition lJeterminatioJ?, .• • • • 103 

:xnII. N-.lfeptanol Ignit;on Determination ••• • 104 

XXXIII. N-.Octm.n~l Ignition Deter.rninati?~ 

N ... Jiecanol Ignition Determination 
·- ., .. 

0 - .. 

• • 

•· -o 105 

fl -0 106 

DXV.t. E~hyJ. Acetate Ignition Det;ermination _ • •- 107 

XXXVI. Toluene, Ignition Determix1ation • • • ., o 108 

vi 



Figure 

1. 

3. 

4. 

5. 

6. 

7. 

a .. 

9. .. 

10. 

11. 

l2. 

13+ 

14+ 

15. . 

16. 

170 

1s. 
Ji.~. 

20. 

lliIST OF IL!,USTBATIONS 

Schema tic·· Flow Diagram of the · Ign.i ti on Ap.;.. 
paratus .. .. • .. • • • • • • • • .. .. • • 

The Thermometric Section o • • • • • ... ·~ 

Liquid Fuel Calibration •• o ...... o 

Single-Air-Tube Ignition of·R'ydrogeri with-
Argon as Inert Gas • • o ....... . 

Single-Air~Tube Ignition of' Hydrogen with-
Nitrogen as Inert Gas • • • • • • • • • 

Single".'*A·ir-Tube lg:n;ition of Ethanol • .. • . .. . 

Single:Air--Tube Ignition of Iso-Propanol •· . . . . 

Single-".'*A,ir".'"Tube Ignition of 
- . 

N-Propanol • • 
SingJ..e-Air-Tube Ignition ot·Tertiacy Bute; .. 

ndl ••••• ... ·• • it • • • •· 0 • • • • 
Single-Air".'"Tube Ignition of' N-Butanol . ~ . .• 

S ing~e".'"Air".".'Tub~ I~iti<:>n of E~'.!1;11 A:.cetate 
·-

Sin~le ... Air".':'1;!:ube I~iti?!l. of Toluene• • ... . . .. ... 

Triple-.Air:Tube Ignit;on of Methanol • .. . . . . . 

Triple".'*.Air-.Tub~ Ignition of Ethanol • .. • .. , ' .. ' . . .. . ... . 
Triple-Air".'"Tube Ignition of N~Prop~ol· ... • . . . 

Tr:tple~Air-:-Tube Ignition of N ... Butano1 .. ". 
Triple~A.ir .. .rfube Igniti(?n of N ... Pentanol • ,,. ,9 

. ' . . . . -
Triple-A:tr ... Tube Igµ.iti-on of 1>I;.,.He:xanol it .~ 

.. . .. 

TripJ..~ .... Air ... Tube Ignition o:f N-Heptmol • • 

vii 

Page 

21 

23 

24 

36 

37 

38 

39 

40 

41. 

42 

43 

. 44'. 

45 

4.6 

47 

48 

49 

50 

51 



Figure 

2lo Triple"':'Ail"-Tube Ignition of 

22. Triple"'.'Air-Tube Ignition of 

23. Triple"':'Air-Tube Ignition of 

24. Triple-Air-Tube Ignition of 

250 . ftingle-Air-Tuhe Ignition of 
Tube Furnace • 0 • 0 0 • 

N-Octanol • .. 

N-Decanol .. 
Iso-Butanol 

Iso-Pentanol 

Hydrogen· in 
0 .. 0 .. 0 • 

.. .. 

• .. 
-

• • 

• 

.. • 

Page 

52 

53 

54 

55 

56 

2:6. Double-Air-Tube Ignition of Hydrogen o • • 57 

27. Triple-Air-Tube Ignition o;r Hy~J:>~gan .. • • 58 

280 Mini:tmim Ignition Temperatures of'· the ·Normal 
Aleoho:}.s • • • .. • .. .. • .. • • .. .. • • • 59 

viii 



THEORIES OF SELF-IGNITION 

If the temperature of a combustible mixture held at 

constant pressure is gradually increased, or if the pres

sure is increased while holding the temperature constant 3 

the velocity of reaction is increased until combustion 

occurs. 

In the early attempts to explain this phenomenon of 

spontaneous igni t1.on, the erroneous assumption was made 

tru;i.t there existed a temperature below which no reaction 

occurred between the fuel and the oxidant, and above 

which explos.ion took pla.ceo67 This assumption was con

trary to the results of many subsequent experiments, in= 

eluding those of Callendar,7 Naylor and Wheeler,41 Pease,43 

and one of the first to take note of this fact in modern= 

izing the theory of self-igni.tion was va.ntt Hoff,.62 With 

the realization that react;ions oocur:red in fuel=air :mix.= 

tures below the temperature of sel..f=igni ti on$ t;wo theories 

were de\ ;;loped to explain the phenomenone These are gener

ally known as. the thermal and the chain theories of self

igni tion& 

~e_ 1J.1.e~l~~~~ 

The thermal theory states that self-:igni:tion is due t© 

the increase in the rate 01' heat; l:i.baration ,~aused by t,h~ 

progressively :faster reaction.. At some poi:n:t.,, tha r:ata of 

1 



heat liberation will start to exceed t;he r•ate of heat lost 

to the surroundings .. As a result, there is a progressive 

sel.f-heating of the combustible mixture that leads to a 

still greater speed of reaction .. This results in an al

most instantaneous development of heat of reaction with-
1::::2 in the mixture which is known as combustion .. ,:) 

The concept of this limiting condition of self-igni

tion was used by van!t Hoff to dei'ine the temperature of 

self-ignition as follows:· 

The ignition temperature is the temperature at which 
the initial loss of heat, due to conduction etc., is equal 
t<;> thg3heat evolved in the same time by the chemical reae, ... 
tion. · 

Th.is definition explained 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 velocity of 

the reaction corresponding to the slow rise in the tempera

ture •. This period, which is usually referred to as the in

duction period or the self-ignition lag, is indeed known i:;o 

exist, but at times it is hardly noticeabla.,5,12 

According to this theory, the larger the vessel in 

which the reaction takes place 8 the less will l1e the heat 

lost per unit volume of the :mixture, given a con~tant tem= 

perature~ Thus, according to the ths:t"'.!.'.O.al theory, the tern.-

pera. ture of self=:i.gnition is a f1.mction of the Biz a of the 

container and is higher i.n small vassals than :ln large oner:s. 

This hypothesis has been corroborated by the work of such 



men as Naylor and VVheeler41 and by Dixon and his co

workers.16,17 

Although van't Hoff gave no quantitative formulation 

of the ignition phenomenon, his evaluation of the physi9al 

nature of self-ignition still represents closely the ther

mal theory of self-ignition"' Of particular note is the 

following passage.:: 

By inflammation we sha:11 understand here not only the 
phenomena of combustion, but also any complete chemical 
transformation which occurs in consequence of a local ele
vation of' the temperature to the so-called temperature of' 
ignition.. • 

In every change of this kind the following conditions 
a.re .fulfilledi --

l. 'fhe reaction which produces the inflammatlon 
evolves heat. 

2.. .The reaction occurs more or less rapidly below 
the temperature of ignition,. 

3.., The reaction is accelerated by an elevation of 
temperaturee64 

For some forty years after van 't Hoff ad,ranced his 

views on self-ignition, no important improvement was made 

on the therm.al theory of self-ignition.... In 1927-28,p Seme

noff gave a mathematical formulation c.orresponding to van H; 

Hoff's theory& 

In a reaction in the gaseous phase with velocity w.l* 
measured by the number of molecules of the product appear
ing per second pe.r unit volume" the a.mou:n t oi.' heat gi van 
off per second in the entire volume v of the vessel is 

ql :a::: V Qi W 

where Q! is the heat liberated by each elementary prooass 
of the reaction., that is.i> Qr~ Q/Ni, where Q :ts the 
heat of the reaction i'or onegram=mol of the product, and 
N the Avogadro number., .... As has been shown, the velocity 
of the reaction at the :tnitial stage as a :function of the 
absolute temperature T and the rrumbe:r of molecules a 
of the initial substance pel" tm:i.t volume is equal to 



w = k:1 ae-E/RT for monomol.ecmlar; and k 2a2e-E/RT :for 
bimolecular reactions, so that 

where for monomolecular reactions n :a::: l.it and for bimolecu
lar reactions n = 2. 

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

where Xis the coefficient, of' heat conductivity, T t;he 
temperature of the reacting gas, T0 the vessel-wall te:1u.E· 
pera ture a1yolied from the outside,. and S the area of 
the walls.5 0 

Semenoff proceeds to demonstrate that at the tempera

ture of self-i.gni tion.:, not only will q1 ~ q2, but also their 

part;ial derivatives with respect to temperature will be equal .• 

Thus, the two foll.owing equations a.re obtainedg 

and 

v Q k ane-E/RT1 ~· X. ( T1 - To) S 
N 

v Q k a_::_!·e-EfRT1 -~ XS 

-- NRTf 

.from which, by eliminating XS and solving for T1 ; one obta.:tns 

the equation. 

Although. this equation is of lit;tle value in pred:leting th.s 

igniti.on temperature of the mixture$ it indicates that thiSi 

self-ignition temperature is dependent on the energy of 
Ill 



activat5.on, E, of the mixture. 

The Cha.in Theo_cr 

Most explosion and ignition phenomena could be ex-

plained by the thermal theory,. The discovery of some dis

crepancies., however., in the explanation of negative cataly

sis led Christiansen to fornmlate a workable chain theory 

of combustion.11 In 1927-28, this theory was applied to 

the stu.dy of t]:ie reactions leading to the inflanm1ation by 

such men as Gibson.,23-.a:inshelwood.,24and Semenoffe49 Since 

then3 the chain. reaction theory has come into extensive 

use in such reactions as the explosion of azomethanel 

and of hydrogen-oxygen mixtures30.,4?s,58 and has become 

.firmly established as at least a partial explanation of 
those reactions. 

Acc.ording to the chain theory~· the reaction. of two 

gases such as hydrogen and oxygen does not occur directly~ 

but rather proce,eds through intermediate compotm.ds such as 

the chain propoEH~d by Lewis and vo:n Elbe g32.,34 

OH -1+· H2 ~H20 + H 

H t., Oc OH + 0 . 
t{J~ 

O+H2~0H+H 

In the th:r•ee reactionss, the active substftnces H.:, OlIP and 0 

a.re chain carriers. Furt;her.rnor0e 0 since the second and thi:r"<l 

reactions result in an increase in the nU111ber of chai:n car-

riers., they may be called chain-branching reactionso Those 

latter reactions~ under favourable clrcn.:tra;;;d:;ancesp cause 

5 



such a rapid ine.rease in the rate of reaction that explo

sien occurs in a Short timee Other reactions result in the 

destruction of chain carriers, and these may occur in suf

ficient number to prevent explosion from occurringe It 

would consequently be under very particular ciI•cumstances 

that the rate of occurrence of chain-branching reactions 

would be greater than that of chain-breaking reactions and 
. ' 

that explosion would occur& 

In addition to chain reactions caused by substances 

that are active by their nature, another chain mechanism 

has been proposed that consists of cha.in carriers that are 

active by their energy state rather than by their physical 

nature.28 These 13energy cha:ihi8 would consist of' molecules 

activated by the transfer of energy liberated by the reao-

tion. 

Wh.en two molecules react.; a relatively large amount o:f 

energy is liberated, which consists of the energy of acti..: 

vation and the- energy of reaction,. This energy will be 

transmitted to a relatively few mo.lecules immediately around 

the reacting ones., and it is only after a number of colli

sions that the energy so liberated will be relatively evenly 

distributed among the other molecules in the system .. Thust>' 

f'or a short time at least;, each reacting molecule will have 

activated other molecules; thereby enabling seYeral of them 

to reaet in turn and to multiply the rate of reaetion'G 



There is no experimental evidence that allows one to 

discard or to adopt entirely the thermal theory or either 

version or the chain theory .. Howe-var., the present consen

sus or investigators appears to be that the material chain 

type or reaction is the one that occurs most .frequently, 

and that most reactions are aff~cted to a greater or lesser 

degree by all three mechanisms .. 

7 



METHODS USED BY PREVIOUS INVESTIGATORS 

The problem of determining experimentally the tru.e 

temperature of self-ignition has long troubled investiga ... 

tors., According to Bridgeman and Marvin in their· survey 

of the work done in this field, the following experimen

tal variables affect the results obtained~: 

l. The materials in contact with the fuel mix.ture .. 

2. The volu;ne o:: the igni ti.on chaiuber .. 

3 .. The concentration of oxygen in the inflammable 

mixture. 

4 .. The time lag before ignition occurs. 

5.., The pressure of the system ... 

6. The composition of the fuel., 4 

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 investigat;or.o 

In. many methods used$ the investigatc.frs attempted to 

eliminate or to diminish the effect of some of the above

mentioned variables.. Other methods are purely t,u:abi traey 

in nature and do not represent an attempt to determi.ne a 

self-ignition temperature reproducible by any other method .. 

The methods used hertofore can be classified into the fol

lowing categoriesz 

J.. The explosive mixture flows through ~, tube of 

kno'Wn temperaturea 6,7114:3,44:,4,fi,46 
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2. The mixture is introduced into a container of 

lmown temperature.35 ., 41J!55 

3. The gaseous mixture is compressed adiabatically 
' 

and the temperature is computed from the thermo-

dynamic relations between the initial and final 

volumes or pressures.17,18.,22.,61 

4~ The gases are heated separately to the ignition 

temperature and then mixad.5.,12,13 

A drop of liquid fuel i~ introduced into a. con-

tainer of known temperatura.20.,48.,57 

•. 

.6. The mixture is introduced into a soap bubble and 

ignited by contact with a hot wire of known tem

peratura.40,66 

7 •. A drop of liquid is ignited by contact .with a 

body of .known temperatura.26,36,38,54 

8. Two gases are mixed in a closed vessel and gradu .. 

ally brought to the ignition temperature. 27 

9. ~he mix.ture is ignited 'by dropping spheres hee.ted 

to a known temperature through the container. 42, 51 

It is generally recognized that there is a catalytic 

effect o.f the materials in contact with the combustible 

mixture that causes changes in the value found for the ig

nition temperature. This is seen in the work of such :m.en 

as Dixon,13 Pa:t.erson,42 and N • .J. Thompson.57 

Gaseous :m.aterials are also known to influence the tem~ 

perature of self-ign.i tion. Schumacher, 4? Gibson and Hin

shelwooa..,23 and Thompson and Hinshelwood59 f'ound that traces 

9 



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 ignition.41 On the other hand, Dixon and 

Crofts,17 Dixon.,13 and Falk18 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 tem

peratures determined. Naylor a.nd.Wb.eeler,41 and 'I'a.ffanel 

and LeFloch55 have shown the temperature of ignition to 

vary inversely with the size of the reaction chamber. 

Dixon showed that a limit is reached in the chamber size 

beyond which any further increase causes no decrease in 

the ignition temperatu.re.13 

The influence of induction periods has been ·investi~ 

gated by Mulcahy,39 Bullock5 and many others, and the ig

nition temperature has been found to decrease as the in

duction per.iod 1.s increased., but the various investiga

tors do not agree on the extent of that variation. 

Kane and co-workers.,29 Mondain-Monval and Quanquin.,37 

and others have sho'Wll that a change in pressure causes an 
inverse change in the ignition temperature. 

The influence of the many v:ariab1es, and the nature 

of the ignition data reported in literature clearly show 

10 



that the temperature of self-ignition of a combustible 

mixture has so far depended to a great extent on the 

method used to deter.mine it. This is manifested by the 

following ignition tempera ture.s found for hyd1~ogen: 

TABJkE I 

IGNITION TEMPERATURES OF HYDROGEN IN AIR 

Author 

Bullock5 

Cottle12 

Dixon13 

Dixon and 
Croftsl'7 

Dixon16 
et.~ 

Falk18 

Gershanik22 

· 40 
McDavid 

Wb.ite and 
·Price66 

Mixture Time Lag 
strength seconds 

Stoichiometric o.26-0.53 

Stoichiometric o.21-0044 

0050-15 

... ,_, ... 

........ _ 
Stoichiometric 

~---.,,... 
___ . __ .,. 

---

Ignition 
tempe:ra ture 

OF 

1284-1330 

1056-1092 

1060-1165 

1060 

990-1000 

1480-1505 

1070 

1260-1395 

1060 

II·• 

1320-1580 

11 



EVOLUTION OF THE IGNITION APPARATUS 

At the outset of this project., it was proposed that 

a method of deter.m.ining ignition temperatures be developed 

that would require small amounts of .fuel and that would be 

as free as possible from the harm.ful effects of catalysis .. 

From the survey made of relevant literature, it was 

manifest that' catalysis would most readily be avoided if 

a flow-type system were chosen; that is., ~n apparatus 

should be designed in which the conditions .favourable to 

self-ignition would be produced in a. flowing mi.xture of 

gases. In order to limit the quantity of fuel used in 

such a system, it was necessary that the fuel-immitting 

tube be made small., and the choice made was of austenitic 

stainless steel capillary tubing. Because of the small 

quantities of fuel and air ente_ring the ignition space., 

the problem of ma.inta1ni.ng i.n the jets a temperature suf-
' 

ficiently high to cause ignition dictated the choice of 

a heated tube for the ignition chambero 

Early experiments with the apparatus so built indi ... 

oated strongly the existence of some catalytic action at 

the walls of the ignition chamber. This catalysis could 

not be eliminated without re-designing the apparatus and 

thereby los:i.ng some of the desirable characteristics. 

Consequently, it was proposed that the idea of avoiding 

catalysis should be discarded, and rather that it should 

12 



be used in such a manner as to eliminate the element of 

uncertainty contingent upon its occurence only in loci 

on the chamber walls where its total effect could not oa 

determined exactly., The reasoning used was as followsi 

If catalysis occurs in the ignition chamber; it is 

likely to be uneven in its action and to pe most; marked 

in relativ'ely small areas. This unevenness would be due 

to the roughness of the chamber walls, to the lack of 

homogeneity of ~he material of which the cha:mber is made, 

or to some other .factor of similar nature •. Those areas 

of localized catalysis would thus become hot enough to 

cause the ignition of the combustible mixture 3 while the 

mixture itself and the rest of the chamber walls would 

be at temperatures below the true ignition temperature. 

Thu,s, if the temperature of the combustible mixture at 

the moment of ignition were taken as the true ignition 

temperature, the amount of error involved could be largeo 

If 3 on the other hand, the temperature of the cata

lytic area itself were the quantity measured:, the likeli

hood of the true ignition temperatureWs being obtained 

would be much greater, for, unless some error exist in 

the reasoning, the ignition would have been caused by the 

fact that the catalytic area had reached a temperature 

high enough that the reaction rate i,n the combustible mix

ture had become · self-propagating in the immediate vicini.ty 

of the ca:talytic area. 

The idea of .finding the area of most intense pata.lytic 

13 



14 

action and then deter.mining its temperature is 13.bsurd, not 

only because of the difficulties involved in locating that 

area, but also because the mere fact of determining its 

temperature could cause a sufficient decrease in the inten

sity of ca·talysis to allow another area to beeo:me the most 

active catalysto Thus,:, it was preferred to make the point 

of temp~erature measurement become the most active ca talyti

cally rather tha:n ~ ver.sa,. This result could be achieved 

by using as pyrometer a bare thennocouple made of metals 

more catalytic than any substance in the ignit:i.on chamber. 

According to the above reasoning., the following fact.s 

should be truez 

l,. The igniti.on temperature deter.mined should be i.nde

pendent of the nature of the catalyst used in the 

thermoc~mple., provided that it remain more catalytic 

than any part, of the ign.i tion chamber. 

2. The ignition temperature deter.mined ?hould be inde

pendent of the temperature of the walls of the ign.:l

ti.on chambere 

3e The ign:ttion temperature determined should be inde

pendent of the bulk temperature of the combustible 

mixture over wide ranges of temperatureo 

Experiments designed to ver:Lfy the above hypotheses were 

carried out using hydrogen as fuel, and all the arguments held 

true. This was considered sufficient proof of the validity of 

the method:, and it was adopted for all subsequent work. 



DESCRIPTION OF THE APPARATUS 

For the ~ake of simplicity of' explanation., the appa

ratus can be described in the following order; the fuel 

stream, the air s-t;ream., the ignition chamber, the thermo

metric section., the inert gas stre8.:m:, and the calibrating 

section.· 

The Fuel Stream ----~ .......... ~--
When hydrogen was used as fuel., the compressed gas 

was taken from a cylinder, its pressure was reduced by a 

pressure-regulating valve (C on F5'.gu.re 2), and the gas 

then led :ln to a six-. .f'oot length of quarter-inch copper 

tub1.ngo .The hydrogen pressure was indicated by a bourdon~ 

type gauge reading in pou:nd di vi.sions up to 30 pounds. p13r 

square inch gauge. The other end. of the copper tu~~ng was 

connected by means of a reduc-ing connection to a twe1ve- · 

foot length of capill_a:ey tub;ng having internal and exter~ 

nal diameters of 00025 and Oo060 inches respectively (Jon 

Figux•e l). This capillary tubing led the hydrogen through 

a Hoskins electric muffle furnace of 5 kilowatt maximUl'll 

cap~city (Kon Figure 1), and then into the ignition cham

ber. E:x:eept 5.n certain check run.s., the muffle furnace 

was unheated. 

When a liquid fuel was used., it was stored in a one

gallon steel flask built in the same manner as a wash 

15 
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bottle (Don Figure 1). 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 quarter-inch copper tubing and the necessary tube

to-pipe connections. The pressure so induced inside the 

flask forced some of the liquid through another quarter

inch pipe opening near the bottom of the flask, through a 

waste-cloth filter (Lon Figure 1) 1 through a quarter-inch 

copper tubing lead, through a flushing section (I on Fig

ure l), 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 liquid fuel line (Jon 

Figure 1) was simply a connection between the fuel line and 

the compressed air with two valves so located that the flow 

of fuel could be s~opped and air could be made to blow the 

remaining fuel out of the capillary tube. The sole reason 

for this device was to prevent the stoppage of the capil

lary by the carbonization of the fuel inside the muffle fur

nace when it was ho·h. 

The Air Stream 

The air was 'taken from a compressed air tank at pres

sures between 100 and 120 pounds per square incho As w;tth 

the hydrogen, the air pressure was reduced by means of a 

pressure-regulating valve, ~nd it was led into capillary 



tubing ( E on F:lgure 1),;, In much of the early work, one 

cap:lllary tube was used for the air; three c,apillaries 

were later used. For some check determinations, the a.ir. 

capillary led through the muffle furnace and into t;he ig

nition chamber. Later with the single capillary., and 

always w:i.th the triple capillaries, the muffle furnace 

was by-passed. 

Th.e conneetion between the ail" line and the fuel line 

was made some six. inches ahead of the capillaries, and the 

same distance beyond the pressure indicator -- a bourdon

type gauge measuring pressures in two-poun.d di visions up 

to 100 pounds per square inch gauge. 

The I nition Chamber 

This chamber (G on Figure 1) consisted of a mullite 

tubeJ> 0.,75 inch in diameter and six:. inches long, around 

which was wound a 50 foot nichrome resistance coil which# 

by means of' a thirty-point transformer, allowed from 15.7 

to 279 wa:tts to be used for heating the tube. One end of 

the tmbe was closed by a soft steel plug (F on Figura 1) 

2.,75 inches long through which were drilled holes for the 

fuel and air capillarieso Half an inch of this plug was 

inserted in the mullite tubeJ> the remainder being outs:.'i.de 

to d:tss:i.pate some of the heat, gen.erated inside the ignition 

chamber and to main·!~ain the plug end of the chamber at a. 

sli.ghtl:y lowe:r> temperature than tha. t o.f the rest of the 

t;ube. The capillaries introduced t,hrough the steel plug 

were so arranged that the gas jets emitted by them wou.ld 

17 
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impinge one inch from the end of the plug. 

Th:r.•ough the open end of the mulli te tube was introduced 

a plat:i.num-platinum rhodium ther:mocouple 1 the jimction of 

which was centered in the tube two inches beyond the point 

of impingement of the fuel and air jets (Ron Figure l). 

In the early experiments with hydrogen, the ignition 

chamber used wa.s a copper tube with an internal diameter 

of 1-5/S inches_. a wall thickn.ess of 7/32 inch, a:o.d a length 

of 3 inches. This tube was heated by means of two b1.U1sen 

burne1:,s., and its temperature was determined by means of a. 

therw.ooouple inserted into a 1/8 inch hole drilled half-way 

down the i.n .. n.e:r 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 ·1ts jun.ction one inch from 

the point of impingement of the fuel and air jetse 0 

T.h§l,,QTJ'.d:~~tlQ...Se.Q.ti2a 

At various times, three platinum-platinum rhodium. the:r.m.o

couples were used. These were: the catalytic ther:m.ocm1ple 

used in the :lg:ni ti.on ohamber·.1 the ther:m.ocouple set in the wall 

of tb.e fi.:r.'.'f:rt lgni tion chamber., and a thermocouple used to det,er-
1 

m.:ine the temperature of the' muffle furn.ace II These thermocouples 

were made of one ... .foot lengths of 24 ga.uge platinum a..'Yld platin.u:m 

lo.% rhodium wire joined together at one end by means of a weld. 

:L'he unwelded ends were <Jonnected to a cold jt.1nction and to a 

potentl01n,eter (D on Fi.gure 3) by means of insulated copper• wire. 



The cold jun.ction consisted of a six-inch therm.ocouple of 

similar nature to the ones described above: -v_rith the welded 

join i:nnnersed in an ice bath (A on Figure 3). 
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The potentiometer used wa_s sensitive to o .• 002 milli

volts. The electromotive force generated by any one thermo

couple could be measured on the potentiomet,er by connecting 

the required hot; junction to the cold junct;ion via. the 

potentiometer. 

The Inert Ga.s St;remn --
Inert gas was used only in a few preliminary determina

tions made with hydrogen as the f'uel. The inert gas stream 

differed from the hydrogen stream in only two ways: 

lo Five capillaries were used for the inert gas as 

c,ompa.red to one for the hydrogeno 

2. The inert gas was int.reduced in a swirling stream 

around the inner walls of the ignition chamber 

rather than in the center of the chamber as with 

the hydrogen. 

~he inert gas bottle was changed according to whether argon 

or nitrogen was desi:redo 

The Calibr~:t_in_g §..~ilQP.: 

The system used to calibrate the a.ix• and the hydrogen 

streams was the same.' A :narrow-necked one-liter flask was 

.f:i.lled with water and inverted in a water bathe The a:.i.r or 

hydrogen flow (}ould then be mes.sured by determining the ·time 

requi.:red for that gas to replace the water in the inverted 



flask. 

In the case ·Of liquid fuels., the capillaries were led 

to a water-cabled., glass condenser (Bon Figure 4). The 

water in the cooling jacket of the condenser was oirou.lated 

f'rom an iee bath by means of a pump (Con Figure 4)1 s.nci 

the oohdensate was collected in an erlenmeye~ flask par~ 

tially immersed in ice-water {Don Figure 4). The conden

aa.te_was then 'Yeighed on a.n analytical balance sensitive 

to O., 0001 gram .• 
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FIGURE I 

SCHEMATIC FLOW DIAGRAM OF THE IGNITION APPARATUS 
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FIGURE 2 

THE IGNITION APPARATUS 
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FIG RE 3 
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FIGURE 4 

LIQUID FUEL CALIBRATIO 
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PROCEDURE 

Wb.en self-ignition temperature determ.ina tions were 

made with a liquid fuel.ii the following'procedure was used: 

1. The muffle furnace was br•ought to an equilibrium 

temperature of 975°F plus or minus 20°F. Because 

of' the large heat capacity of the furnace insula

tion, this took a minimum of three hours. 

2. When the furnace had reached the equilibriu.m tem

perature., the flow of liquid fuel was star,ted by 

impos:i.ng a hydrogen pressure above the l:i.quid in 

the flask. The pressure used varied between four 

pounds per square inch and ten pounds per square 

inch, depending on the .fuel. 

3. The flow of air was started, and the air pressure 

was regulated to the desired value -- generally 

between 20 and 100 pounds per square in.ch gaugee 

4. The tube furnace was started and allowed to heat 

on maximum ·voltage up to 5oo°F as indicated by 

the catalytic ther.m.ocoupleo The voltage to the 

furnace was then changed to give a temperature 

rise of 5°F or less per minute 1-mt;::Ll ignition 

occurred6 

59 Periodically, the ignition chamber was inspected 

visually ~n order to ensure that the junction of 

the ca talyt:lc ther:m.ocoupl.e was hotter than any 
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other part of the igJ'.lition chamber. This was 

readily determined by the greater brightness of 

the thermocouple after the glowing s·tage ha.;d 

been reached .• 

6. Wh.en ignition occurred, this phenomenon was sig

nalled by an explosion and by an immediate dro~ 

in the thermocouple vol ta.ge. The voltage i.ndi

ca ted by the potentiome·ter at the ins·tant i.rmne

diately prior to the explosion was noted. 
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7,. If the explosion was not followed by steady com

bustion, the voltage of t~e catalytic thermocou

ple was followed until another explosion occurred; 

at which time another voltage reading was noted. 

Thia procedure was repeated until a total of five 

readings was made. 

a. If the explosion was followed by steady combus

tioni the air flow was stopped; and the flame, 

which now burned outside, was extinguished. The 

tube furnace· was disconnected from the source of 

electricity and allowed ·to lo._se the heat gained 

by the combustion. After about one minute, the 

tube furn.ace was re-connected and the air flow 

was resumed. This procedure was repeated until 

a total of five readings was obtained. 

9-o Af'ter the fi'?:e readings were obtained, the tube 

furnace was allowed to cool to 5000F1 and the 

air rate of flow was changed by altering the 
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setting of the pressure regulator in the air line. 

The new air pressure was noted, and five more 

ignition temperature determina.tion.s were made. 

10. 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 minimum. 

11. The tube furnace was then removed and replaced by 

the condenser, and the condensed fuel was collec~ed 

for exactly one hour in a tared erlenineye~ flas~. 

The .flask was then weighed in order to determine 

the weight rate of flow of the ;ruel.o 

12. The muffle furnace was shut off,. the fuel flow 

was stopped, and the fuel remaining in the line 

was blown out with compressed air4 

13. The fuel system was then drained, cleaned, and 

dried in readiness for another fuel. 

14. The groups ·of five voltage readings made for each 

air pressure were averaged, and the average was 

converted to the ignition temperature by means of 

the conversion tables.31 

15. The fuel-air ratio for each air pressure was cal

culated in terms of the fraction of the fuel used 

compared to the stoichiometric requirements, and 

a graph of t:he ignition temperature irersus the 

.fuel-air ra.tio was made. 

When hydrogen was the fuel used, the procedure varied 



only in two ways.: 

1. The muffle furnace was not heated" since a more 

accurate calibration of the hydrogen flow could 

be obtained with the capillary at room tempera

ture. 

2. The calibration of hydrogen flow was made :in the 

same manner as was that of air, and all deter.m.i

nations made with hydrogen were carried out with 

a pressure of 10 pou...n.ds per square inch gauge. 

Durlng the pre].iminary runs made with the hydrogen, 

certain other differences existed in the procedure.. .In 

some runs., the furnace temperature was altered from room 

temperature. In addition., when the burn.er-heated ignition 

chamber was used, the tube temperature was recorded. Fi

nally6 in some of those determil1ations, inert gas was used. 



RESULTS 

On the following pages, the data obtained during the 

course of this resear•ch are interpreted and presented in 

ta'b"ular and graphical forn10 In the tables are pr'esented 

f'i:rst the expe:r0imen·tal justification of the method used, 

and then the ignition temperatures found by that methodo 

The graphs show t;he variation of the ignition temperatures·. 

w1th the fuel ratlos& 

TABLE II 

PRELIMINARY' TESTS :MADE TO VERIFY THE !vlETHOD 

Fuel Used t Hydrogen 

Fuel Rate: 000383 Cuo Ft. per Min. at 32°F., 760 mm Hg. 

M·a.f.fle 
Furnace 
Tempera tu 

Op 

84 
84 
84 
84 

re 

-

·-~ 
475 
805 
952 

__ w ___ _ 

84 
84 

-

Air Supply: Surroundings 

Shield Catalyst 
Temg;r,at;ure Used on the 

TheJ::ra.occmple 

-
682 Pla t;in1..un. 
697 " 
?49 u .. 
91..Q u 

,,, 

.. 
i=--

700 ff 

700 fl 

700 1,1 
"" 
,., .,,.,.., __ ~ - < ·-

1034 Nickel 
11.83 Nickel 

-----·~-'"~ -

Igni tion 
erature 
Op 

Ignition 
Followed by 
Steady 

Temp 

no 

_.,-. 

no 

~~~-+~C_o_m_b_u~tJ.~!L, 

i gnition 
77 16 

16 77 
L6 1/16 

no 
no 
yes 
yes 

~--------
16 
J.6 
16 

77 
77 
n75 

no 
no 
yes 

-----------
ig. n.ition 

76 16 



TABLE III 

IGNITION TEMPERATURES OF HYDROGEN DETERMINED IN 

COPPER TUBE IGNITION CHAMBER 

Inert Gas 
Used 

Argon 

Nitrogen 

Amount of Fuel 
as Fraction of 
Stoichiometric 

Requirements 

1..58 

10:38 

1.19 

1.os 
0.92 

1.58 

1.38 

lol9 

1.03 

0.92 

Ignition 
Temperature 

OF 

1540 

1528 

1525 

1520 

1524 

1660 

1583 

1532 

1507 

1523 



TABLE IV 

IGNITION TEMPERATURES DETERMINED IN THE TUBE FURNACE 

USING A SINGLE AIR TUBE 

Fuel Used 

Ethanol 

Iso-propanol 

Tertiary butanol 

N-Butanol 

Amount of Fuel 
~s Fraction of 
Stoichiometric 

Requirement.a 

1.54 
l..34 
1.16 
1.01 
o.sg 

l.-37 
1.16 
O.o,99 
o.as 
o.eo 

1.38 
1.21 
1.07 
1.01 
0-.96 

1.19 
1.05 
1.00 
o.95 
o.s5 

le13 
J..,06 
1.00 
o.95 
0.90 

31 

Ignition 
Temperature 

OF 

1399 
1365 
1345 
1337 
1345 

14.92 
1474 
1464 
1467 

· 1470 

1713 
1690 
1683 
1680 
1685 

1593 
1577 
1573 
1580 
1600 

1775 
1739 
.1717 
1719 
1730 



Fuel Used 

.Ethyl Acetate 

Toluene 

Amount of Fuel 
as Fraction of 
Stoichiometric 

Requirements 

1-ol2 
1.06 
o.99 
0.94 
0.89 

1.22 
1~06 

. i.oo 
o.94 
o .• s5 

. Igni tibn 
Tempe1"a ture 

°F 

1425 
J..392 
1.375 
1380 
1385 

1879 
1860 
1858 
1865 
1875 

32 . 



TABLE V 

IGNITION TEMPERATUEES DETERMINED IN THE TUBE FURNACE 

USING THREE AIR TUBES 

Fuel Used 

Methan.ol 

Ethanol 

N-Propanol 

.N-Butanol 

N-Pentanol 

Amount of Fuel 
as Fraction of 
Stoichio:metric 

Requirements 

1.014 
,l,.03 
1.01 
o_.95 
0~80 

1.15 
1.05 
1 •. 00 
o .• 96 
0-.81 

1.11 
1.01 
0.92 
0.7a 
o.6a 

1.19 
o.99 
0.91 
o.85 
0.73 

1.11 
1 •. 07 
o.99 
0.92 
o.as 

1.oa 
o .• 99 
0,.95 
0.91 
o.79 

Ignition 
Tempgrature 
. F 

. '. -'t 

lJ.20 
1100 
1095 
109!7 
-1135 

J.188 
1162 
1155 
1160 
·1182 

1298 
1287 
1290 
1321 
1448 

1372 
1350 
1352 

·1370 
J.430 

1556 
1523 
.1502 
1508 
1530 

l.545 
1538 
1543 
1550 
1570 



Fuel Used 

N-Heptanol 

N-Oetanol 

N-Decanol 

Is:o-Butanol 

Iso-Pentano1 

Amount of Fuel 
as Fraction of' 
Stoichiometric 
Requirements 

lell 
1.05 
1 •. 01 
0.98 
o.94 

1..13. 
1 .• 04 
1.00 
0.96 
o.s3 

1.22 
1 .. 06 
1.00 
0.98 
Oo95 

1.11 
1.03 
loOO 
o .• 96 
o.84 

1.22 
lo06 
Oo99 
0.93 
Oo83 

Ignition · 
TemR;rature 

1638 
1625 
1623 
1638 
1650 

1692 
1658 
1654 
1677 
1708 

1745 
1718 
1.702 
1704 
1708 

1503 
1477 
1472 
1473 
1508 

1687 
1633 
1623· 
1619 
1626 

34. 



TABLE VI 

IGNITION TEMPERATURES OF HYDROGEM DETERMINED IN THE 

TUBE FURNACE WITH VARYING NUMBERS OF AIR CAPILLARIES 

Number of Air 
Capilla:r'i es 

Used 

2 

Alnount·of Fuel 
as Fraction of 
StoichiOmetx'ic 

Requirements 

1+28 
l.J.3 
l.-06 
1.00 
Qil89~f> 

. lo.31 
lo05 
1.00. 
o.96 
o.as 

1.10 
1.04 
1.01 
0~98 
o.ss. 

~!}This value was obtained by e.xtrapolationo 
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Ignition. 
Temperature 
. Op 

l.527 
15J..2 
1508 
1505 
1532 .· 

l.438 
1423 
1415 
1423 
1428 

JL402 
1397 
l.392 
1395 
1408. 



1,545 

I 

1,535 

1,530 

1,520 

1,515 

1,510 
0.90 

' 

' 

I 
J 

-- V 0 

I/ --

0.95 1.00 1.05 1.10 1.15 
Hydrogen., Fraction Stoichiemetri~ 

FIGURE 5 

SINGLE-AIR-TUBE IGNITION OF HYDROGEN WITH ARGON AS INERT GAS 



1,675 

1.,625 

l.t550 

l.t525 

1,500 
o .. 9 

: 

--··· . ··--- --

/ 
J 

' 

>'' 

4. 

V 
./ - -

·-···· 
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FIGURE ei 

SINGLE:...Am-TUBE IGNITION OF HYDROGEN WITH 

NITROGEN AS INERT GAS 
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1.400 ! 

1,390 
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1,34-0 
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FIGtTRE 1 

SINGLE-AIR-TUBE IGNITION @F ETHANOL 
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FIGURE 8 

SINGLE=.AIR-TlJBE IGNITION OF ISO=PROPANOL 
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FIGURE 9 

SINGLE-AIR-TUBE IGNITION QF N-PROPANOL 
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FIG~ 10 

SINGLE-la.IR-TUBE,IGNITION OF TERTIARY BUTANOL 
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FIGURE 11 

SINGLE-A.IR-TUBE IGNITION OF N-BUTANOL 
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1,420 

" 

1,370 

1,360 
o.as 
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FIGURE 12 

SINGLE=AIR-TUBE IGNITION OF ETHYL ACETATE 



1,885 

, 1,880 

1.,875 
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o.a 
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SINGLE..,A,IR-TUBE IGNITION OF TOLUENE 
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1.,160 

1,150 · 
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DISCUSSION OF RESULTS 

In the preliminary detennina.tions made to establish 

the validi t;y of the method used, it was foun.d, as shown in 

Table II, that the results obtained by this method are inde

pen.dent within limits from the temperature of the ignition 

chamber, the temperature of the combustible mixture, and the 

catalyst used. 

The influence of the temperature of the ignition cham

ber appears to be purely one of heat transfer. In other 

words, if the temperature of the ignition chamber is too low, 

the rate of heat radiated from the thermocouple will be so 

high that the rate of heat liberated to the ther.mocouple by 

the reaction will not suffice to raise the temperature to 

that of ignition. By the same count, if the chamber tempera

ture were too high~ the thermocouple temperature should ri,se 

so fast as to reacl1 the temperature of ignition_almost in

stantaneously; this was indeed found to be true. 

The influence of the temperature of the gaseous mixture 

is not as readily deter.mined. Apparently; the only real 

influence of the gas temperature is to determine in part whe

ther the initial explosion wi.11 be followed by steady com

bustion. Otherwise, since a variation of 900°F caused an 

apparen·t change of only two degrees in ignition temperature., 

the ignition temperature may be considered to remain con

stant when the temperature of the combustible mixture varies 
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over wide ranges~ 

When nickel was used as ,a catalyst instead of platinuin, 

no change :i.n the ignition temperature :resulted. However., 

the temperature t;o which the igniti.on chamber had to be 

heated before i.gnition occurred was considerably higher than 

W!U:l necessary when platinum was the catalyst. When heat 

tra.nsfe:r is considered, t11;is fact is a c.lear indication that 

nic.kel is by no means as good a. catalyst as platinum for the 

oxidat;ion of hydrogen. Thus, the similar ignition tempera

t;ures obtained with the two catalysts cannot be attribu.ted 

to similar degrees of catalytic action, and hence the.nature 

of the ca ta.lyst at; the thermocouple junction can be con

sida:r•ed not to influence the ignition tempera_ture determinedtt' 

W.hen i.grdtion temperature determ.ina.tions were made 

using hydrogen as fuel and argon or nitrog_en as inert gas,, 

it was found that the ignition obtained .for the stoichio• 

mat;ric mixture was lower when nitrogen was the ip.ert gas 

rather than when argon was used. This was in ag:r>eement with 

the redults of Naylor and Wheeler->41 

A striking resu.l t obtained was the variation between 

the ignition temperatures obtained in the tube.furnace when 

one ai.r tube was usecl and when three air tubes were used. 

The drop .in the ignition temperatures when three air tubes 

were used was so great for ethanol and iso-propanol that 

additional determinations were made using hydrogen as fuel. 

The results ·l:;hu.s obtained are l_isted in Table VI, and show 

a decrease of more than 100°F as the' number of air tubes · 



was increased from one to three. Since the hydrogen rate 

of flow was maintained constant for the three runs., the 

only logical explanation for this variation is the poor 

mixing of the .fuel and air in the-ignition chamber when 

a single air tube was used. Unfortunately,. no more capil

lary tubes were available, and it was not possible to de

termine the influence of additional air tubes on the tem

perature of ignition. However., since the drop i_n the ig

nition temperB.ture between the determinations made with 

two and three air tubes is only a quarter as great as the 

drop between one and two air tubes, it may be su~posed 

that perfect mixing was being rapidly approached~ 

When the lowest ignition temperatures obt;ained with 

three air tubes for the normal alcohols were com:pared,_i~ 

was found that they did not fit any simple curve. A gen

e-ral increase in the ignition temperature with the number 

of carbon atoms was evident, and two equation~ were found 

by the method of least squares that .fitted the results 

within 30°F,. These equations are; . . 

and 

t: 1330 X 100.011250 5 ~ C ~- 10 

In most cases., the lowest ignition temperature deter

mined was for a fuel-air mi.xtur§_close to the calculated 

stoichiometric ratio. This was not true for iso-pentano11 

for which the optimum.mixture was almost ten per cent 

richer in oxygen than the stoichiometric ratio. This may 
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have been caused by some particular impurity in the f'uel.,p 

bu.t it is unlikely in view of the results obtained with 

the other compou:ndso 

Although there is little in the method used that 

would allow one t;o determine which of the theories on 

no:mbustion is the most applicable., one i'act was observed· 

which could be used as a basis of re'asoningg after the 

initial explosion, steady combustion wouid result only 

if the chamber walls were above a certain temperature, 

or :tf the combustible mixture were sufficiently hot. 

The combination of these ·two possibilities repre

sents good evidence against the thermal theory. This 

ls obv::i..ously so., since any reaction that liberates 

enough heat to be self-propagating must of necessity 
. ' 

liberate enougl1. to be self-sustaining. Thus, according 

to the the~1al theory I any combustion that originates 

in a cold., gaseous., combustible mixture should not be 

ephemeral if a source of fuel and air exist. Conse-

quently, since e.xplosions were co111111only not followed by 

steady com.bustionJJ the thermal theory does not explain 

adequately the ignition behaviour observede 

The chain theory, on the other hand., does offer a..'l'l 

explanation for the extinction of the flame.., If enough 

chain-b1"anching reactions are initiated at the catalytic . 

thermocouple, the explosion will radiate from that point. 

This will lea,re an inert atmosphere around the the:rn10-

,~oup1e and prevent any further chain-branching reactions 
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from being initiated there. When the explosion f'ront 

rea.ches the comparatively cold chamber wall, a sufficient 

number of chain-breaklng reactions may occur i;o halt the 

explosion .• 

The .fa.ct that., for a given chamber temperature.!> a 

hot gaseous mixture continues to burn while a cold one 

,does not., may be considered as mn argume:n:t in favor of 

the energy chain as oppose'd to the material chain., but 

it presents no conclusive argument .. e 
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TABLE VII 

COMPARISON OF EXPERIMENTAL IGNITION TEMPERATURES 

WI·TH LITERATURE VALUES 

Ignition Temperature· Maximum Minimum 
Fuel Used of Stoichiometric Literature 11.ii.terature 

Mixture,°F Value,°F Value,°F 

Hydrogen 1387 ... 1520 158066 97917 

Methanol 1095 106536 87848 

Ethanol 1155-- 1337 105436. 73757 

N-P:ropanol 1287 -1680 100436 61057 

Iso-P:ro.panol 1464. 118057 a534B 

N-Butanol 13~0 ... 1717 59757 es34s,57 

Iso-Butanol .1472 1007°6 81348 

Te:rt ... Butanol 1.573 111357 89248 

N ... Pentanol 1502 ' -~..- ---
Iso-Pentanol 1619 iOliW·~- ..... 
N-Hexanol 1538 57248 57248 

N=Heptanol 1623 ~.---- ---
N-Octanol 1654 .... _.e,:, etll·Siiled-

N=Deca.nol 1702 55520 55520 

EthylL Acetate 1375 90348 90348 

Toluene 1858 u7236 96038 



S1fl11IMARY AND CONCLUSIONS 

The purpose of this investigation was to develop a 

method of' determining ignition temperatures that would re

quire small a:r.nounts of fuels and that wo1,1.ld be free from 

the harmful effects of catalysis. To tbis effect the 

method used was devised, in which small streams of gaseous 

(or vapourized) fuel and air were injected into a tubular 

ignition chrunbe:r by means of stainless steel capillary 

tubes. The ignJ. tion chamber was heated to below the igni

tion temperature, and the ignition w~s initiated at the 

junc:t:i..on of a catalytic thermocouple. The temperature of 

the the:rrnocoup1e at the instant of ignition was considered 

to be the tr1..ie ignition temperature,. 

Preliminary tests demonstrated the method to yield 

results independent of the temperature of the ignition 

chamber walls., the temperature of the combustible mix

ture, and the nature of the catalyst used on the thermo

couple., 

In subsequent; determinations, the ignition tempera

tures of hydrogen.., ethyl acetate, toluene, and thirteen 

alcohols ranging from methanol to n-decanol were deter

mined for iTarious fuel-air mixtures. In general, the 

lowest temperature o,f ignition for any fuel occurred at 

or near the calculated stoichiometric ratio. 

Determi11.a.tions made with a varying number of air 
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capillaries demonstrated that the first ignition tempera

ture determinations were much too high, probably because 

improper mixing of the fuel and air occurred when a single 

air capillary was used. 

The ignition temperatures of stoichiometric 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 so°F: 

t ~ 996i5 * 89.70 

t = 1330 .x 100.011250 

0 ~ 4 

5 ~. 0 i! 10 

The behaviour of the flame after ignition had occurred 

led to the conclusion that the method of flame propagation 

was more likely to be through chain-branching reactions 

than through heat conduction. Whether the chains involved 

are material or of the energy type is not determined, b1:1,t 

there is a slight indication in favour of energy chains. 
I • ' • " ' •• ,, 

The method used in this research is of importance."!=>e

cause of its novel approach and because cat~lytic infltL~ 

ence <?f the tempe.rature of self-ignition has been elimi• 

nated. Rowever1 the matter of obtaining a truly homoge ... 

noua mixture has not been attempted. 
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~he following modifications of the apparatus are there

.fore suggested i.f further work is contemplated; 

1. More than three air capillaries should be used. 

Enough tubes should be added, one at a time, 

that any further increase would not result in 



a lowering of the ignition temperature. Thus, 

a correlation between the number of air 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

ter.mining the degree of mixing of gaseous 

fluidso 

2. Variations should be made in the tube furnace 

as f'ollowss 

a. The tube furnace should be made longer, 

with a long mixing section heated only 

to a few degrees above the boiling poin~ 

of a:ny liquid fuel used, and a short ig

nition section that could be heated to 

whatever temperature may be required to 

cause the ther.mocouple to ignite the 

mi:x.ture. 

b. The tube should be so devised that a 

sleeve could be inserted so as to dete:t:'

mine whether the diameter of the chrun.ber 

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 ss.me period of induction in both 

tubes., 

A possibility that should also be kept in mind is that 

the prebent method could be used as an accurate and rapid 
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means of deterwining the comparative degree of catalytic 

effects of various methods. This could be determined as 

a function of the :minimum temperature of the tube walls 

required to cause ignition. 
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APPENDU: A 

CALIBRATION OF BYDROGE.N AND AIR STREAMS 



TABLE VIII 

CALIBBATION OF AIR FLOW IN SINGLE CAl?ILLARY 

Air Lip.a Air B.trometric Time Required Calculated 
Pressm:"a Temperature Pressure to Displace Flow Rate 

psi., OF llllllo Hg .• One Liter of Gm. Mols 02 
Wate:rJt Seconds per Hour 

20 62.6 757 .3 84o5 00366 

so 62.6 757.3 53.0 o.sa2 

40 6206 757.3 42.8 o.722 

so 6206 75703 34.0 o.915 

60 62.6 75'7.3 29o7 1.045 

70 61.7 75703 25.5 1.22 

80 61 .• 7 75703 22.2 lo40 

90 61.7 757.3 19.7 1.58 

100 61.7 757.3 17.7 l.77 
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CALIBRATION OF AIR .FLOW IN TRI.PLE CAPILLARY 

Air-t:tne Air 
:Pressure ~emperature 

psi · °F 

20 73.0 
i 

30 72.5 

40 72.5 

50 72.0 

60 71.5 

70 1flo5 

80 71.5 

90 ,1.0 

Sarometrie Time Required. 
Pressure to Displace 
Illlll• Hg One Liter of

Wate-r, Seconds 

'730 23.6 

730 18 •. 7 

730 15.0 

'730 12.5 

730 10.6 

750 9.2 

730 e .• o 
730 ', ''7.-2 

TABL;E X 

CALIBRATION OF HYDROQD FLow:· 

Hydrogen Hydrogen 
Pressure Temperature 

psi OF 

10 62,.6 

15 62.6 

20 6~.6 

25 62.6 

30 62.6 

B~rometric Time Required 
_ Pressure . to Displace 

mm. Hg. . One Liter of . 
Water, Seconds 

757.3 51.-0 

?57+3 42.2 

757.3 30.0 

75'7+3 23,.0 

75'7.3.' 18.5 
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Calculated 
Flow Rate 
Gm.., ··Mols o2 
per Hour 

1.31 

1 .. 65 

2,;.:06 

2-.&8 

2.94 

3.38 

3.86 

4_.33· 

Cai cu.lated 
Flow Rate 
Gm. Mols H2 

pe.r Hour 

2,.89 

3.50 

4 .• 92 

6.42 

7.98 



APPENDIX B 

LIQUID FUEL COMPOSITIONS .AND FL.OW RATES 

78 



TABLE XI 

COMPOSITION OF THE FUELS 

Methanol 

Acidity (maximum) • e .. • e e • .. • • • • 

Assay • ... • .o,·.. .. • • • .• .• • .• .• .., ... ... • 

Non-volatile matter .• e • • • .. .. • • · .. . 

Alkalinity (.maximum) • • • .. .. • • • • • • 
Solubility in water ... .. .. • .. • • • o ... 

Boiling range • .. .. • .. • .. • .• • • .• .. • 
Substances darkened by sul.furie acid .. o- • 

Substances reduced by KMno4 .......... . 
Acetone and aldehydes • • .. o .... • •• 

Ethanol 
. ~ - - - ~ 

Commercial grade.t 95% ethanol,. 

Iso..:Propanol 

Boiling range • .. • • • .. • • • • • • • • • 
Non ... volatile :qi.attar .. • • • • • •· • · • • .. • 
Acidity as acetic acid o ••••••••• 

Solubility in water ................ . 
Water content .• • .. .. .. • • .. • • • • • .. • 

N-Propanol 

Boiling range • .. • • . .,, .• • • • • • • ....... 
Non-vo::J_atile matter • • .. .. • • • • • • • ·• 
Aeidi ty as acetic acid .. o • • .• o • • o • 

Subst~nces precipitated by water . • ... •. .. o 

Iso-Butanol 

Acidity as butyric acid .... • • • • • ·• • 
Boiling range • .. • .. " • • o .. .. .. e .. • .. .. 

Non-volatile Il'1,atter • ............ • 
Solubility in water .. • .. • • ........ •· 
W_ater cont.ant .. • • • .. .. .• .. • .. • .• • • • 

79 

o.o~ . ·· 
99 •:5% by volume 
0.001% 
0.0003%' 
passes test 
64 .• 0 ... 65.o0 c 
passes test 
none 
0.003_% 

96 - 97.1°c 
0 .. 000%. 
0.002% 
none 

0.003% 
107 - 109°0 
o.ooo% 
passes te:st 
passes test 



Boiling range ... o & & 

Free acid ••••••• 
Non-volatile matter. o 

N•Butano1. 

0 ~ 0 • ·• • e •.•.• 

Tert-Butanol 

Matheson Co. lot number 5048 
Chemically pure. No analysis reported 

·N~Pentanol 

Practical. Boiling range · 135 - · 13760 

I~o-Pentanol 

Boiling range • .. •••• ·• • -• ••.••• ,. 
Non-volatile matter .. • • • • • • • • •• • 
Acids and esters. • • • • .• • • • ·~ • .. • • 
Aldehyde s • • .. .• .. • • • • • • • • .. · • • •· 
Pyridine • .......... o ... • •• • 

Substances darkened by sul.furie acid. • .• • 

N-Hexanol 

Practical 
Minimum content o:f n-hexanol ••••••• 
Boiling :.range • o • .• .• ·• • • • • • • • • • 

N4!'Heptanol 

116 - 11s0 c 
o.oc,%. 
0«>06% 

129 - 13200 
0.004%. 
o.03ot 
none 
0.001% 
passes test 

Highest purity. 
Boiling range ........ ·• ...... • • • •· 174 ... 176°0 

N-.Oetanol 

Highest purity•· 
Boiling range • • • .• • • • • ·• • • • • • .. 191 - 1940c 

N-Deca.nol. 

Practical. 
Minimum. content of n-decanol 
Melting point range o • o • • 

•• , ••• 0 • .......... ·• 
9ff/o plus 
1 ... s0 c 

80 



Eth:y;l .Ace~at._~ 

Minimum.content of ethyl acetate .......... ., 99.,5% 
Free. acid as acetic acid .. o .. • .. .. .. ., ., " 0 .01% 
Non-volatile matter ., ., ., .. • .. • .. • ., " ., 0 0005% 

Toluene 

Non-volatile matter ... " ., ....... o ... 0.001%. 
Acid or alkali .. .. • ., ., ., .. .. ., .. • .. .. • " 0.00()% 
Substances darkened by sulfuric acid., .... ., passes test 
Sulfur compounds as S • ,; .. .. ., .. .. • • .. • o.003% 
Water content ., .. .. o • • • o .. .. " .. .. .. " passes test 

Hydrogen 

Commercial grade bottled hydrogen. 
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TABLE XII 

CALIBRATION OF FUEL RATES 

Weight of 
FuaJ. Used Empty Flask 

Grams 

Methanol 63 02106 

Ethanol 
(Run No. 1) 66 05368 

Ethanol 
(Run No.- 2) 63.2038 

N-Propanol 
(Run No. l) 63.5433 

N-Propanol. .. 
(Run No., 2) 64.,2207 

Iso~Propanol 66.6682 

N-Butanol 63 •. 2411 

Iso-Buta.nol 63.2218 

Tert-Buta.nol 65.6549 

N ... Pentanol 66-0225$ 

Iso-Pentanol 63.2217 

N-Hexanol 64 ... 2236 

N-Heptanol 63.2160 

N-Oeta.nol 66~2418 

N-Decanol 64.2468 

Ethyl. Acetate 6201185 

Toluene 63.4122 

Weight of 
Flask and 

Fuel~ Grams 

113.2332 

85+0417 

99.6121 

86.0855 

9406314 

80.8507 

93+5314 

l:03.4336 

81.0793 

100.3441 

105.3060 

94.6441 

9502153 

96.66621 

107.5331 

8908193 

78.6441 

Weight Rate 
of Fuel Flow 
Grams per Hour 

50.0226 

18.5049 

22.5422 

30+4107 

14.1825 

30.2903 

40.2118 

15.4244 

34 •. 1183 

42.0843 

3G.4205 

31.9993 

30.4203 

43.2863 

27.7008 

15+2319 



APPEJ:IDIX C 

IGNITION TEMPERATURE DATA 
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TABLE XIII 

PRELIMINARY DETERMINATIONS MADE TO VALIDATE THE MErHOD 

Shield 
Thermocouple 
Mill:tvolts 

----
2088 

3o23 

4.10 

Fuel Ratez 000383 Cue Ft. per Minute 
Air Supply~ Surroundings 

Furnace 
Thermocouple 
Millivolts 

Oo17 

o .. J.7 

Nature of Catalytic 
Catalyst on Thermocouple 
Thermocouple Millivolts at 

Ignition 
~ 

Plat;inum No Ignition ___ , ______ _ 
Platinum 

Plat:i.nu.m 

Platinum 

8.60 n{t-
8e59 n 
8058 n 
8.61 n 
8e60 n 

8060 c{Ht, 
8059 C 
8059 C 
8060 C 
8.59 C 

8 .. 58 ,o 
8059 C 
805'7 C 
8,a60 C 
8.,58 c ___ ,,, __ -·----------·------

2.,98 

2.98 

lo83 Platinum 

8.60 n 
8.-59 n 
8.58 n 
8.61 n 
8060 n ------·------' -----------· -"·-~ ~·--

Plat; im .. :u.n 

8.59 ::n. 
8.61 :n 
8058 11 
8055 n 
8062 n 

* n = Initial explosi.on not followed by steady com
bustion ** o :::: Initial explos:ton followed by steady combusti01·1.,, 
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Shield Furnace Natura of Catalytic 
Thermocouple Thermocouple Catalyst on Thermocouple 
Millivolts Millivolts Therm.ocouple Millivolts at 

Ignition 

8.58 C 

8.57 e 
2.,98 4o33 Platinum 8.57 C 

8.59 C 
8.57 C 

4.78 0.17 Nickel No Ignition 

8.59 C 
8.58 c 

··,. ';5.63 Ool7 Nickel 8.56 c 
s.57 C 
a.58 C 



TABLE XIV 

HYDROGEN IGNITION DETERMINATION, NUMBER ONE 

Shield 
Thermocouple 
Mi.llivolts 

3.70 

3o79 

3o89 

Number of A.ir Capillaries: One 

Inert Gast Argon 

Fuel Rate:· 0 .. 0383 Cu .. Ft .. per Minute 

Air 
Pressure 

psig 

50 

60 

70 

80 

90 

Catalytic 
Thermocouple 
Millivolts at 

Ignition 

7o74 
7o75 
7o74 
7 ,o,74 
7-o75 

.. 
7.67 
7068 
7.68 
7o67 
7.67 

17064 
7o65 
7o65 
7.64 
7 .• ai 

7.61 
7o63 
7.,61 
7.61 
7o63 

7.65 
7o64 
7.64 
7.65 
7o63 
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TABLE XV 

FiYDROGEN IGIUTION DETEfilvIINATIONJI NIB\IIBER TWO 

Number of Air Capillaries: One 

I:nert Gas~ Nitrogen 

Fuel Rate~ 0.0383 Cu. Ft. per Minute 

Shield 
Ther.m.ocouple 
Millivolts 

3.10 

--------

3.10 

4.16 

4o24 

4o24 

Air 
Pressure 

psig 

50 

60 

"'10 

80 

90 

Catalytic 
Thermocouple 
Millivolts at 

Ignition 

8.50 
8.52 
8.51 
8.52 
8.52 

8 .. 15 
8.14 
s .• 13 
8.16 
8.15 

7.69 
7.72 
7 • .'71 
7.70 
7.69 

7.55 
'7 ofi6 
'?o54 
'7o55 
7.54 -----·~--
7.63 
7.65 
7 &64 
?.66 
7.63 



TABLE XVI 

HYDROGEN :r~ITION DETJ!:fil[INAT ION, NUJvlBER THREE 

Nmnbel"' of Air Capillaries: One 

Fuel Rate: Oe0383 Cu. Ft. per :Minute 

A:Lr 
P:ressti.re 

psig 

70 

80 

85 

Cat~lytic 
The l''mocouple 
Millivolts at 

Ignition 

7.64 
7066 
7.66 
7.65 
7.67 

7.58 
7.56 
7.5'7 
7.58 
17.56 

----------=----

90 

100 

88 

7.52 
7.54 
7o53 
7o53 
tr7.54 

7 .,,i-;1 
7.68 
7 069 
17.68 
7e67 



TABLE XVII 

HYDROGEN IGNITION DETERMINATION, NUMBER FOUR 

Number o:r Air Capillaries: Two 

Fu.el Rate;: 000383 Cu,., Ft. per Minute 

A:1.r 
Pressure 

paig 

30 

40 

50 

89 

Catalytic 
The nnoe ou.ple 
Millivolts at 

;Ign1t1en 

7,.13 
7oll 
7.14 
7.15 
7 .• 12 

7o,02 
7.04 
7.01 
7.03 
7o03 

7.00 
6.98 
6.,98 
6099 
6.98 

7.05 
7.-02 
7.03 
11.ma 
7-.04 

7 .• 11 
7.10 
,.os 
'1.08 
7.10 



TABLE XVIII 

HYDROGEN IGNITION DETERJVIINATION:; NUMBER FIVE 

Number of Air Capillariesg: Three 

Fuel Rate: 000383 Cue Ft• per Mil'luta 

Air 
Pressure 

psig 

20 

22 

Catalytic 
Thermocouple 
Millivolts at 

Ignition , __ _ 
6 .91 
6091 
6.90 
6,.93 
6090 

6 e88 
6.89 
6 .87 
6.88 
6.86 

6.87 
6086 

23 6084 
6e85 
6085 

6.88 
6.86 

25 6 t187 
6 086> 
Eio88 

30 

90 

6.97 
6095 
6 .... 95 
6 .,96 
6 .. 94, 



~ABLE XIX 

METHANOL IGNITION DETERMINATION 
~ - --· -- - - - ·- . - -- -

Number of Air Capillaries: ~hree 

Fuel Ratei 50.0226 Grams per Hour 

Catalytic 
Thermocouple 
Millivolts at 

Ignition 

Air 
Pressure 

psig 

40 

45 

47 

$0 

60 

91 

5+25 
5.29 
5.27 
5.29 
5.27 

···-

5.,15 
5,.16 
5.14 
5ol.3 
5.16 

5o14 
5.12 

, 5.12 
5ol4 
5.11 

5.13 
5.14 
5ol6 
5ol2 
5ol4 

5.,33 
5+3'? 
5.-35 
5.34 
5.,35 



TABLE XX 

ETHANOL IGNITION DETERMINATION_. NUMBER ONE 
- -

Number of Air Capillaries t One 

Fuel Rate: 18.5049 grams per Hour 

Catalytic 
Thermocoupl.e · 
Millivolts at 

Ignition 

Air 
Pressure 

psig 

50 

60 

7-0 

BO 

90 

6.73 
6.75 
6.7-2 
6.76 
6.74 

6.53 
6.52 
6.55 
6.54 
6.54 

6.41 
6.44 
s.43 
6.4.l 
6.42 

-- .. 

6.36 
6 .• 38 
6.37 
6038 
6.37 

6.42 
6.41 
6..,43 
6.44 
6.42 



TABLE XXI 

ETiiAN'OL . IG1ifTIION DETERMINATION"' NUMBER TWO 

Number of Air Oapillariesz Three 

Fuel Rate: 

Air 
Pressure 

psig 

40 

45 

50 

60 

36 .4083 grams per Hour 

Catalytic 
Thermocouple 
MilJ.ivolt.s at 

Ignition 

93 

5.66 
5.65 
5.67 
5.67 
5.65 

5.,52 
5o5l 
5.51 
5.50 
5o52 

5.47 
5.46 
5.46 
5o48 
5o47 

5.51 
5o50 
5.49 
5.48 
5o50 

5ct61 
5.63 
5o61 
5.62 
5.62 



TABLE XXII 

N-PROP.ANOL IGNITION DETERMINATION, NUMBER ONE 

mxrnber of Air Capillaries t One 

Fuel Rate: · 22 .. 5422 Grams per Hour 

Air 
Press.ure 

psig 

70 

80 

90 

95 

100 

94 

catalytic 
Thermocouple 
Millivolts at 

Ignition 

s.ao 
8.,83 
8e82 
8.81 
81it80 

s.a7 
8,,65 
8.67 
8 .. 66 
8e67 

8063 
8064 
8.62 
8.63 
8.63 

8.61 
s;53 
8.60 
8.61 
8.60 

8.63 
8.,65 
8~64 
8.65 
8.i64 



TABLE XXIII 

}J .. ,PROPANOL I Gl',iITION DETERMINATION, NUMBER TWO 

Number of Air Capillaries: Three 

Fuel Rate: 

Air 
Pressure 

psig 

40 

45 

50 

60 

30,o4l.@7 Grams per Hour · 

Catalytic·· 
Thermocouple·· 
Millivolts at 

Ignition 

95 

6.31 
6.29 
6.30 
6.31 
6.30 

6.24 
6.23 
6.23 
6.22 
6.24 

6.25 
6.27 
6.26 
6.25 
6.24 

6.45 
6.42 
6.44 
6.43 
6.43 

7.00 
6.98 
6.99 
7.01 
6.99 



TABLE XXIV 

ISO ... PROPANOL IGNITION DETEfilUNATION 

Number ot Air Capillariesg One 

Fuel Rateg 14.1825 Grams per Hour 

Air 
Pressure 

psig 

50 

60 

70 

Catalytic 
Thermocouple 
Millivolts at 

Ignition 

7o28 
7.29 
7.29 
7.30 
7.28 

7 •. 18 
7.19 
7.19 
7.17 
?.18 

7.11 
7.11 
7.12 
7.13 
7.12 -------------·--·-w 

80 

90 

96 

7.13 
'7.13 
7 .. 14 
71tl4 
7.,13 

7..,15 
7.14 
7 .. 16 
7 .. 16 
7,.)#7 



TABLE XXV 

N-BUTAN'OL IGNITION DETERMINATION, NUMBER ONE 

Number of A.ir Capillaries: One 

Fuel Rate~. 19.~5351 grams per hour 

Air 
Pressure 

psig 

80 

85 

90 

95 

100 

97 

Catalytic 
Thar.mo couple 
Millivo.:lts at • 

Ignition 

9 •. 20 
9.18 
9.19 
9.21. 
9.21 

8.97 
s.99 
9.00 
s.98 
a.99 

8.85 
8083 
8.84 
8.85 
a.,s5 

8.;85 
8,e86 
8087 
a.es 
s .• 85 

8.90 
8 .. 93 
8.92 
8093 
8.91 



TABLE XXVI 

N-BUT.ANOL IGNITION DETERMINATION, NUMBER TWO 

N'Lunber of Air Capillaries: Three 

Fuel Rateg 

Air 
Pressure 

psig 

40 

50 

55 

60 

70 

30 .. 2903 Grams per Hour 

Catalytie 
Ther:mGcouple 
:Millivolts at 

Ignition 

98 

6e75 
6.72 
6.74 
6073 
·6.72 

6.60 
6.59 
6e60 
6.61 
6.,60 

6.60 
6.61 
6061 
6.60 
6.,61 

6.70 
6.~/13 
6 •. 72 
6.,71 
6073 

7 .. 10 
7.,08 
7 .. 08 
7 .. 07 
7.09 



TABLE XXVII 

1I'ERTIARY BUTANot IGNI"TION DETEroJIINATION 

Number of Air Capillariest One 
.. , 

Fuel Rate: 

. Air 

.Pressure 
psig 

70 

BO 

85 

90 

100 

15.4244 Gram.~ per Hour 

. Catalytic 
Thermocouple 
Millivolts at 

Ignition 

7.90 
7.91 
7.91. 
7o90 
7.689 

7.'79 
7.80 
7.82 
7.79 
7.80 

7.76 
7:.78 
7 ,/'/7 
7tt78 
7.77 

7 .• 82 
7+81 
7o81 
7.83 
7 .• 81 

7.95 
7 .. 94 
7e93 
7.94 
7.95 



TABLE XXVIII 

ISO-BUTANOL IGNITION DETERMINATION 

Number of Air Capillaries~ Three 

Fuel Rateg: 

Air 
Pressure 

psig 

60 

65 

67 

70 

80 

40..,2118 Grams per Hour 

Catalytic 
Thermocouple 
Millivolts at 

Ignition 

100 

7-.52 
7.50 
7.54 
7.53 
7.53 

7$35 
7.37 
7e36 
7.35 
7.36 

7.32 
7e34 
7.33 
7.34 
7.33 

.. 7.35 
7.33 
7.35 
7934 
7.33 

7e55 
7.53 
7 .. 55 
7 .. 56 
7057 



TABLE XXIX. 

N-PENTANOL IGNITION DETERMINATION 

Number of Air Capillariesg Three 

Fuel Rate: 34.1183 Grams per Hour 

Air 
Pr-e-ssure 

psig 

50 

55 

60 

65 

101 

Catalytic 
Ther.mocouple 
Millivolts at 

Ignition 

7.85 
7.~84 
7o80 
7e86 
7,985 

7 .. 65 
7o62 
71166 
7o65 
7.64 

7,.49 
7.52 
7o54 
7a50 
7951 

7.57 
7 .• 56 
7.54 
7.57 
7.55 

7.66 
7 .• 69 
7 .. 69 
7 ... 68 
7.f/7 



TABLE XXX 

ISO-PENT.A.NOL IGNITION DETERMINATION 

Number of Air Gapillariesi Three 

Fuel Rate~ 42.0£343 Grams per Hour 

Air 
Pressure 

psig 

60 

70 

7.5 

80 

90 

102 

Catalytic 
Thermocouple 
Milli.vol ts at 

Ignition 

8.6;5 
8.63 
8e66 
8.,64 
8.66 

8.30 
8.33 
81!32 
8.30 
8.31 

8.,27 
8.25 
8e26 
8.24 
8.24 

8.24 
8.22 
8.23 
8024 
80·23 

8$28 
8,..26 
8.27 
8029. 
8.25 



TABLE XXXI 

N-HEXANOL IGNITION DETERMINATION 

Number of Air Capillaries: Three 

Fuel Rate: 30.4203 Grams per Hour 

Catalytic 
Thermocouple· 
Millivolts at 

Ignition 

Air 
Pressure 

psig 

50 

7-.76 
7,/l9 
7-.76 
7o78 
7.77 ---------------------~---

55 

57.5 

60 

70 

103 

-· '. ~ . 

7 .. 71 
7.74 
ff .'73 
7.73 
7.72 

7 .• 75 
7.76 
7.76 
7.75 
7-e77 

7.81 
7.79 
7.80 
7.81 
7.81 

7.91 
7.94 
7 .•. 93 
7.$1 
7-e93 



TABLE XX.XII 

N-HEPTANOL IGNITION DETERMINATION 

Nt:unber of Air Capillariesg Three 

Fuel Rateg 31.9993 Grams per Hour 

Air 
Pressure 

psig 

50 

53 

55 

57 

60 

l._04 

Catalytic 
Thermocouple 
:Millivolts at 

Ignition 

8.36 
s,.33 
8.35 
8e34 
8.35 

8.27 
8.28 
8.26 
8.,28 
8.29 

8.24 
8 .. 25 
8,.25 
8.26 
8.26 

8.36 
8034 
8 .. 34 
8.,36 
8,1135 

8.44 
8.40 
8043 
8 .. 43 
8v42 



TABLE XXXIII 

N-OCTANOL IGNITION DETERMINATION 

Number of Air Capillaries: Three 

Fuel Ratei 

Air 
Pressure 

psig 

50 

55 

57 

60 

70 

30.4203 Grams per Hour 

catalytic··-· 
Thermocouple
Millivolts at 

Ignition 

8.67 
8.70 
8-.69 
8.66 
8067 

a.46 
8.47 
8.48 
a.46 
8,.48 

8.44 
a.45 
8.45 
s.44 
8.44 

8.59 
8.58 
a.60 
8.59 
8.,58 

8.79 
8.76 
a.so 
s.ao 
8 .. 80 -----· ----· ---------------------

105 



TABLE XXXIV 

N-DECANOL IGNITION DETEfilUNATION 

Number of Air Capillaries: Three 

Fuel Rate:.43.2863 Grams per Hour 

Air 
Pressure 

psig 

Catalytic 
Thermocouple 
Millivolts at 

Ignition ---- ·-------------------------·-----·-- . 

70 

80 

---------------

85 

87 

90 

106 

9401 
9.,03 
9.00 
9.04 
9o.02 

8.84 
8.86 
8.85 
8083 
8085 

8-.74 
8.72 
s.75 
8074 
8.75 

8.76 
8,/77 
8.75 
8.77 
8.76 

8.76 
8.77 
a.so 
8 .. 78 
8.79 -----·-.,..-



TABLE XX.XV 

ETHYL ACETATE IGNITION DETERMINATION 

Number of Air Capil.lariesg One 

Fuel Rate: 

Air 
Pressure 

psig 

27.7008 Grams par Hour 

Catalytic 
Thermocouple 
Millivolts at 

Igni t:i.on ---------- '--------------------

so 

85 

90 

95 

100 

107 

7.05 
7.07 
7o03 
7.05 
7 .. 04 

6.85 
6.87 
6.83 
6086 
6 .. 85 

6.75 
6,.76 
6.75 
6.74 
6.75 

6.78 
6.79 
6.77 
6.78 
6078 

6.,80 
6.83 

'6081 
6.$2 
6.',80 



TABLE XXXVI 

TOJhUENE IGNITION DETERMINATION 

Number of Air Capillaries: One 

Fuel Rate: 15. ... 2:319 Grams per Hour 

Air 
Pressure 

psig 

70 

80 

---,~----------- ---· 

85 

Catalytic 
Thermocouple 
Millivolts at 

Ignition 

9.91 
9 .. 88 
9 .. 89 
9e88 
9.90 

9 .. 75 
9.73 
9.76 
9 .. 75 
9o74 

9 .. 73 
9.,;,72 
9.74 
9.,74 
9e73 

---·--------------~--------------· --- ' ' '·-- J----· ' . 

90 

100 

108 

9 .. 78 
9.,77 
9 .. 80 
9.75 
9.77 

9.87 
9.086 
9.90 
9.88 
9.86 



APPENDIX D 

SAMPLE CALCULATIONS AND NOMENCLA111UEE 
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SAMPLE CALCULATIONS 

Flow Rate of Air 

Datag Run usedg .Air calibration for flow in single .._ 

capillary tube with an air pressure of 20 ps::Lg 

(see Table VIII)~ 

Atmostpheric pressure during rtmz 757.3 mm Hgo 

Temperature of water displacedg 62.6°F. 

Time required to collect one liter of vvet airg 

84o5 seconds. 

Volume of one gram-mo1 of gas at 760 mm Hg • ., an.d 

492°R is 22.41iters. 

Vapor pressure of water at 62o6°Fi 14.5 mm Hg. 

Ox-ygen content of dry airi Taken as 20.9% by 

volume., 

Cal~~g Absolute temperature for run is 

460 oft 62.,6 = 522.6°R. 

. . . 

Flow rate of air in terms of oxygeng 

FJ_ow rate :;:: 1(7517 . .,3 - 14e5) x 492 
760 . 522.6 

X 3$00 X: 0e209 
84.5 22.T 

Flow rate= o.366 gram·mols of oxygen per hour. 

~.~ Run used: Hydrogen calibration at 10 psig up-

stream pressure.(see Table X). 

Atmospheric pressure during rung 75703 mm Hg .. 
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11:11 

· 1.rempera.ture of water displaced~ 69.4°F. 

Time required to collect one liter of wet hydrogen 

was 51.0 seconds. 

Vapor pressure of water at 62.6oF = 14.5 :mm Hg. 

1· oubic foot is equivalent to 28.32 liters 

Caloulat~s Absolute tempere:bure for run is 

460 * 62.6 = 522.eoF. 

Molar flow rate: 

tlow rate = l.~757,.3 .... 1_4.5) x 492 x 3600 .x· . l 
. 'Tao . . '!22.e ~ 12.4 

J'low rate r;;;; 2.69 gram mols per hour .• 

Volumetl"1o flow rate, ou'b:1o .feet pe:t1 m1nutea 

Fl.ow rat~ t!lil .&:tS9 .x-. 22.4 x . l , ss •. sa _- . _ lffl 

Flow :t'ate ~ .o.o~a3 oub1o feet pel' :nlinute. 

1uel•A1:tt mixture Jj t)l. J;gd:rogen as fue; 

l>atau Run iuuld~ HJdros1n 1gin1t1on us1ns argon as ine::ttt 

s~•• w1th ~1~ line pre;1u~e ot 50 pa1g (111 

!l'able 11:f) • 

1:,,om 'l'~'blo VII?, flow 11a.t1 of oxyg1n !ii§' 0,915 srwn 

mol1 of o,xyson p@r hou:1:6., 

,~om p~1vieu1 @~loulat1en, flow r~to of hydro;en 

i.1 s. e; l~Qffl mol1 pe~ :b.ou~. 

'I'hci oxidation r,~et:ton 1,u mx1 + o2 _.,.. SR20 _ 

,Slfi9J:L+ation1i ~ho numb@~ of mol~ of l'J:y'drosen ~@~ui~ed to 

rod,Hut o.916_ mols or cxygen pe:tt hour :1, thu,a 



llZ 

Mols of hydrogen required= 2(0.915) = lo.830 mols 

per hour. 

The amount of hydrogen supplied, as .fraction of 

st-0ichiomotric requirements is thus·: 

Hydrogen supply= 2.89 = 1.58 stoichiometric 
1.83 

requirements. 

Molar rate of flow of liquid fuel. 

Data~ Run used: Methanol"(see 'fable XII). 
' 

Flow rate of methanol; 50 .. 0266 grams per hour. 

Formula weight of' methanoli 32.04 

Calculations;g 

Mol~r flow= 50.0266 = 1.563 gram mols per hour • 
. ~2.04 .. 

Fuel-air mixture with a liquid .fuel: 

~i Run used~ Ignit_;on of methanol using air at 

50.psig (see Table UX). 
From Table IX; flow rate of o.xygen is 2.48 

gram mols per hour. 

From previous calculations, flow rate of methanol 

is 1.563 gram mols of methanol per hour. 

The oxidation reaction isi 

Calculations:· 'fhe number of mols of methanol requi.red to 

reduce 2.48 mols of oxygen per hour is: 

Mols of methanol required ~ 2(2.481 = 1 •. 65 
. 3 



The am.cunt of methanol supplied., as fraction of 

stoichiometric requirements is thust 

Methanol supply= 1.563 = o.947 stoichiometric 
1.65 

requirements. 

Ignition temperature 

~: Run used: Ignition of methanol using air at 

50 psig (see Table XIX). 

Catalytic thermocouple readings at the moment 

of ignition were: 

5.25 ~ '5.29,. s~.27, 5.29., 5.27 mv • 

Cal.culations~ · Average reading is:.: 

5 .• 13 + 5.14 -Ii-- 5.15 + 5.12 + 5 .. 14 
5 

Average reading= 5.14 millivolts, rounded off 

to the second decimal place, 

113 

From the Platinum-platinum lo% rhodium conversion 

table with reference junction at 32°Ft31 

Milli vol ts at 1095°F = 5 .J.26 mv •· 

Millivolts at ll00°F = 5.155 mv. 

By linear interpolation., 5.14 corresponds to an 
' 0 

ignition temperature of 1097 F. 



Finding eg:£..§..:~i9ns giving _a satisfactory relation between 

the number of carbon atoms in the normal alcohols and 

,iheir ignition temperaturesg 

From Table Vg Normal Alcohol 
number of ca1"'bon 

atoms 

l 
2 
3 
4 
5 
6 
7 
8 

10 

Lowest Ignition 
Temperature 
Dete:r:m.ined 

1095 
1155 
J.287 
1350 
1502 
1538 
1623 
1654 
1702 

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

diff'erences never become constantz 
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1095 1155 1287 1350 1502 1538 1623 1654 

60 132 

72 -69 

-141 

299 

63 

89 

158 

-363 

152 

-205 

36 85 31 

-116 49 -54 

165 

370 -268 

This increasing divergence of the differences means that 

there is no 1.:mique polynomial that fits the points., In 

addition, an equation in the form of the s11m of trigono-

metric functions was not considered desirable because of 

its length and of :its lack of smoothness between the points. 

By plotting the minimum ignition ·temperatures of the 

no:r.mal alcohols versus the number of carbon atoms in the 

molecules on Cartesian,. semi-logarithmic, and logarithmic 



graph paperg it was .found that the data could be repre

sented with a fa.ir degree of e.ccuracy by two lines2 a 

straight line between methanol and butanol., and an expo

nential curve between pentanoJ. and deesnol. 

Once the nature of the lines had bee1?- a~certained1 

the equations were determined by the method of least 

squarest 

1. The ~traigh t line: 

C t C 2 Ct 

1 1095 , li.095 
2 1155 4 2310 
3 1287, 9 .3861 
4 1350 16 .5400 

10 4887 :30 12666 

From the above tabulation.t> the following two equa

tions are obtained: 

4a it- lOb = 4887 

10a *.30b =12666 

Solving them by Cra.merts rule: 

a 
l 488'7 

= . '2666 
Ml 
30 

11: 
101 
30 

4 48871 

b .,.. 10 12666 
"4 10 

10 30 

= 995,.5 

=· 89 .. 7 

Thus$ the .equation of the .straight line becomes: 

t = 9:~m'°5 + a9.7C 
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A check of the equation against the experimental 

points showed the equation to fit the points to within 

*25°F• 

2. 'rhe exponential curve: 

C 31.og t c2 

5 3.17667 25 
6 3018696 is 
7 3.21032 49 
8 3 .• 21854 64 

10 s .. 230,95 100 
36 ' 16,002345 . ..274 ... 

5a + 36b = 16.02345 

~Sa+ 274b ~ 115.53527 

Solving the equations for a and b:: 

Therefore: 

a= 3.12372 

b = o.01125 

Log t = 3012372 +·Oo01125C 

t·:: 1330 X l.00.011250 

C Ji.cg t 

1.5.88335 
19.121.76 
22.47224 
25.74832 
32.30960 

.115.63527_ 

A oheck of the equation against the experimental 

points showed the equation to fit the points to within' 

i 30°F. 
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NOMENCLATURE 

a= a constant. 

b = a constant .. 

C - the number of carbon atoms in a molecule 
of norm.al alcohol. 

E - the energy of activation. 

k :::: ·the reac,tion ra ta constant. 

N = Avogadro's number .. 

n = a constant. 

Q, = the heat of reaction per gram-mole of 
product. 

Ql= the heat of reaction per mole~ule of 
product. 

q1= the amount of heat liberated per second 
by the reaction. 

~= the amount of heat conducted away per 
second by the vessel walls .. 

R = the 1mi versal gas constant,. 

S = the wall area of the reaction vessel:. 

T = absolute temperature. 

t -~ temperature i.n degrees Fahrenheit,. 

v = the volume of the reaction,vessel. 

w - the velocity of the reaction in the 
gas:eous phase. 

X. = the eoeffi.cient of heat conductivity. 

~F = degrees Fahrenheito 

OR :::, degrees. Rm.:nk~tne,o 
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