iGNITION TEMPERATURES OF PYROLYSATE-AIR MIXTURES

A.THESIS_
| .PrQSented to .
fThéfFéculiy of the Division of Gféduate
- Sﬁﬁdies and Reseérgh'_. |
. o )

Paul Thomas Williams

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Mechanical Engineering

Gedrgia Institute of’TeChnlegy

. October, 1974




e ————

“x

IGNITION TEMPERATURES OF PYROLYSATE-AIR MIXTURES

Approved:

TR T TR




_for suggestlng thlS the51s toplc and, along Wlth

ii

" ACKNOWLEDGMENTS

Tﬁe'edthor would like to thank Dr.'Wblfgang Wulff

Dr, Pande11 Durbetak1, contr1but1ng a- great amount of .

advice and assistance'thtoﬂghout this research effort. The

author also appreciates the many constructive suggestions

‘made by the'other members of his reading comnittee;

Drs. Robert B “Evans and Wayne c. T1ncher, durlng the

- completion of thls the51s

The author would llke to thank Mr an Lillie, the
glassblower in the School of Chemlstry at Georgla Tech fer
his sk111 and patlence in the constructlon of the ignition
tube, :The.efforts.end asslstance.of the technical staff
of the School of Mechanical Engineering are greetly
appreciated. | | _ |

The original deéign-of'the Pyrelysate Generating

Furnace was done by Mr, James Brazeil, instructor in the

-Scheel_of Mechanical Engineering; and his contribution is.

also greatly appréciated.

The_auther-wonld_like'to thank the National'Science
Foundatien fer funding thisnresearéh'under NSF,Grant No.
GI- 31882A#1 B :. _ | |

_ Th15 thesis is dedlcated to the author s fam11y in

gratitude for their contlnual_support'and encouragement.




1ii

' TABLE OF CONTENTS
_ _ .__Page.
ACKNOWLEDGMENTS. . . + « o v v v v v oo o o o o o id
LIST OF-TABLES + . & v v s v v e v e e i vve o e e ¥
LIST OF FIGURES.{.;.-..;_.-. R ;-.f._._?-; R
* NOMENCLATURE .. . L O € £
SUMMARY . ,e.e..;'.'.-.'. e e e e e e T
Chapter_ R ” | - |
1. INTRODUCTION e e e .

Relevance of- Flammab111ty Research

Previous Efforts and Accomplishments

Purpose and Statement of Problem

Literature Survey : : 3
Ignition and Ignition Temperature o
‘Flammability Limits S

Scepe of Thesis

II.-,INSTRUMENTATION'AND EQUIPMENT C e e ;-, . . 16

Purpose and Design Criteria :

Major Components and Operating Pr1nC1p1es
Pyrolysate: Generatlng Furnace
Reaction Cell ~
‘Flow Metering System '
Resistance and Thermocouple Recordlng
Facilities
- Auxiliary Systems _

Construction leflcultles

IIT. EXPERIMENTAL PROCEDURE. . © . . . . . . . . . . . 36

Calibration of the Thermometer
Ignition Temperature. Measurement
Propane-Air
Cotton Fabrics
Preparation of Fabrlc Sample
-Flushing Procedure
Pyrolysis of Fabric -




Chapter

- Guard Heater Control
Flowrate Control and Measurement
Attainment and Recordlng of Ign1t1on
Temperature
-Density Measurement.
Cleanlng Procedure

IV. DATA REDUCTION

Calculatlon of Mass Fractlon :
Calculation of Molecular Welght
Summary .

_V.e_EXPERIMENTAL RESULTS AND DISCUSSION .

Propane Tests

Pyrolysate Tests . .

Estimation of Experlmental Error
- Mass Fraction Determination
Ignltlon Temperature

VI. CONCLUSIONS AND RECOMMENDATIONS .
Appendix '“ :
SAMPLE CALCULATIONS

Molecular Weight Calculatlons
Mass Fractlon Calculatlons

MEUDGMMH; ..ﬂ';..'..w f.w e

v

Page

. 43

48

. 63

. 65

N Y




LIST OF TABLES

Parts List for Figﬁre_S}

Parts List for Figurels...

'Avefage'MOlecular'Wéights of Pyrolysates .

GIRCFF. No. 5 Ignition Temperature Data for
B = 0.9270 o 4 v vt n et e e e e e
GIRCFF No. 4 Ignition Temperature Data for
‘B = 0.' 906. L] L] L] L] - Ll - .. .0 * Ll .. .. L] L]

-EébriélA Ignition'Temperature Data for

: B = 0.996- - - - - .- .

. Fabric'ﬁ_Ignition.Temperature Data. for
B = 1.45 - ._.. T - .. - N .

.

.

_Pfopane_Ignition TempbfatUre Data for B = 0.811.

Page

21
26

. 53

. 55

57

9

59




- T R R T I

10.
11.

12.

LIST OF FIGURES

-Figure

Flow Diagram for Lower Ignition TemperatUre

. and Concentration Apparatus (LITACA]-

Lower Ignltlon Temperature and Concentratlon

‘Apparatus .

'Cross Sectlon of Furnace and Accumulator for

' Typ1oal Ignltlon Signal . . . . e e C

vi

Page

17

.19

20

LITACA. B I I IR N
Furnace Core and Accumulator. .« . e .'.'. ; ;1. 23
Cross Sectlon of the Reaction Cell for LITACA . .25 .
Reaction Cell of LITACA . . . 27
Temperature Profile Along.ﬁiis of'Ignition Tube . 30
..:Igﬁifion Temperatures of’ProPane—Air-Mixtures-; .50
iguitlon'Temperatures of ‘GIRCFF No,"s | _-_
Pyrolysate -Air Mikxtures . . . . . . .. . .. 56
' Ignltlon Temperatures of GIRCFF No 4
Pyrolysate -Air Mlxtures e . 58
_Ign1t10n Temperatures of Fabric A _
Pyrolysate- Alr Mixtures . . + « « v o o+ .60
61




2 o w o »

vii

* NOMENCLATURE

Cross sectional flow ared em?
'_dimensionleSs modulus equation (13)
.'voiuméffic:flﬁﬁfafe:émsmin'l -

molchlar'wéight g g—moie'l.

m maéﬁ.flowréie g sfl;..

m ‘mass g

P .préssure-atm -
'Rﬁ  univef§a1?éas constant lﬁter atm g;mole'lK-ll
T '-temperatufe K ” |
VO voldme cm3,

v ; Velocity'cm}s';

: density g cn® |

? dimeﬁsionless modﬁluSVQquétion'(iZJ

Xp mass fragtion:pf’thq-pyrolysate

T _time s

Subscripts

a dry air

b atJtest.qonditions 

c at calibration conditions

d ﬁifhout:cohdensibles present:

f flowmeter float | |

bal glass balloon:

P pyrolysate




-_with:cdndensibles'present'in'pYrolysate
.-.pOSItlon at entrance of flowmeter tube
'-p051t10n at the float 1n51de flowmeter

_ 1gn1t10n

“wviii




ix

- SUMMARY.

This work is part of a research program'on'fabric

flammablllty belng carried out at the School of Mechanical

Englneerlng, Georgla Instltute of Technology Thls research
is an outgrowth of the Flammable Fabrlcs Act of 1953 as

amended in 1967 and is funded by the National Science

| Foundation.

The fire hazard of a.system such as a garmeht_is
expressed-in'terms of its burnFinjury probability which is
a function of pertinent subsidiary probabilities, one of

which is the probability of ignition after given exposure.

" The ignition-prohability depends on the ratio of exposure

time oVerhmeanfignition time. The prediction of ignition
time requires a universally va11d 1gn1t1on criterion.
A new 1gn1tlon crlterlon has been proposed 191 whlch

requlres-the measurement of the lowest ignition temperatures

_of pyrolysate a1r mlxtures, as a function of pyrolysate mass

fractlons _
| ?Th;s work is-cohcerned with the-deSign,.conStruction5
and use of an_apparatus which has been designed to:

(a) thermally decompose pyrolyz1ng materlals,

(b) store the pyrolysates,

(c) mix pyrolysates with dry air at controlled .mass

: fractlons, and




(d) measure.the minimﬁm mixture temperature at which
| self 1gn1t10n occurs.

o Tests were run with propane and three dlfferent
eotton fabrlcs. The results of these tests are presented
in terms of 1gn1t10n temperature as a functlon of mass |
| fractlon. - The average molecular welghts of the pyrolysates
" were also measured
'This work was supperted by a Nat10na1 Science

'Feundatlon_Grant.No. GI—31882A#1runder the RANN Program.




CHAPTER I
INTRODUCTION

- Relevance of Flammability Research

The United States_léads all the major industrialized
countfies in the world in per.cﬁpita'deaths and property
1055 from'firé-ﬁith ﬁ deaths-per-million-population rate
neafly twice.that of secondvraﬁking Canada (57.1 vérsus
29.7). Nearly 12,000 lives are lost and 300,000 Americans
are injuredfaﬁnually due fo_fire. The etdnomic ¢ost of
: destructiVe fire has been estimated to be 11.4 bi11i0n
dollaré.per year which includes property loss, fire depart-
.ment operations, burn injury treatment,‘@perating cost of
the.insﬁrancé.industry, and.productivityjloSS.[1].* A
major porfion of these deaths and injuries'are'related to.
clothing .and fabric fires. The U. S. Department of Health,
Education, and Welfare (HEW) estimates [2] "that there are
annually 3,000 to 5,000 deaths and 15,000 to ZSO;QOO iﬁjuj

- ries from burns assdciated_with flammable fabrics and that

the directly related financial loss exceeds a quarter billion

dollars.™

There are two avenues of approach in attacking this

Numbers in brackets refer to the Bibliography.




the setting of StandardS-for'materials'which_have tﬁe_-

-the Unlted States textlle 1ndustry, it establlshed the

very serious problem of destructive fire hazard: (1)

educational campaigns for the public with the goals of

recognizing and preVenting.potential fire hai&rds;_and (2)

potential of belng involved in destructive fires. These : !
standards should be ratronal and reasonable and based on a
SC1ent1f1c foundation laid down through ba51c research The-

congress has responded to this need for reasonable standards

by:amendlng, in 1967 the Flammable Fabrlcs Act of 1953,

The amended Act'_ delnand_s of the Secretary of Connnerce [3]

"to conduct research on_the flammabilit?'of-nrodUots,_ : !
fabrics'and materials, conduct feasibility studies on }
reduction of flammability,_develop_flammability test methods
and_offer:anpropriate training in-the uSe of.flammability
test methods;“ ‘The Natlonal Bureau of Standards was given

the above respon31b111t1es, and w1th the cooperation. of

Government Industry Researoh Commlttee on Fabrlc Flammablllty
(GIRCFF) whose respon51b111ty was to formulate and administer
research programs in the area of fabrlc flammability with
JOlnt fundlng from textlle trade aSSOCIatlonS and. the
Natronal Solence-Eoundatlon:under the_RANN program (Research :
Apnlied to National Needs). GIRCFF monitored the work for

the first two years starting with Norember, 1970, The

- School of Meohanical Engineering at the_Georgia Institute

of Technology was one of the participants in this research




~ effort along with the Massaohusetts Institute of.Technology,
.TheaFactory Mutual ResearChrCorporation, and TheVGillette
Company Researoh Institute. The work carried ont in. the
Fire Hazard and Combustlon Research Laboratorles of the
"School of Mechanlcal Englneerlng at Georgla Tech was funded
Idurlng the flrst year (1971) under NSF grant ‘No., GK 27189

and durlng the folloW1ng two years under NSF grants No _
GI-31882 (1972) and GI- 31882A#1 (1973) The research project
-f_1s presently in 1ts fourth_year:and 1s.now inyolVed'in

stﬁdying_the fire hazard of'building_materiais.

*PreriOUS Efforts-and ACCbﬁpliShments'

The Government Industry Research Committee has stated
[4] that the central problem of fabrlc flammablllty studies
is the "determlnatlon of-the relatronshlp-between fabric
behav1or in a test method, on the oné hand ~and the haiard
that the fabrlc presents in actual use, on the other. "_
Trlbus [5]-wa5jf1rst to propose that the above relat;onship'”
“could be formulated in terms of the burn injurp probability
as derived from a decision tree and associated suhprObaf
'bilities. ,Two_oflthese-subprobabiiities.were singled out
by the Government—lndustry Research-Committee as being of
'part1cu1ar 1mportance, the probablllty of 1gn1t10n given
rexposure, P(I/B), and the probablllty of burn’ 1nJury given
1gn1t10n, P(B/I) Evans, WUlff and Zuber [6]) showed how .

'.model;ng analysis and_experlments-can be_used to obtain

i it —y




these two probabilities.

- The probablllty of fabrlc 1gn1t10n for a glven
exposure,_P(I/B], 1s-related to the ratio of the time the .
fabric is exposed to a given ignition sourdé; qr.ifs -
exposure ‘time To» over the time it takes_the-fabric tq

- ignité Uﬁdér'thé"giﬁen éipoSufé cohditioné, the ignition

time T [7]
CP(I/E) = E(r /7))

Wulff, et al., states that [8]:

While the exposure time T _ depends on human
. response and reaction the ignition time T -
- depends on (1) physical fabric properties,
- {2) process parameters describing the inter-
_.actions between fabric, heating source and
" environment, and (3):fundamental physico-
chemical processes such as heat and mass -
transfer and chemical reactions,

The School of Mechanical Engineering'at the Georgia
Institute of Technology has been_carrying on a combined
1 - analytical and experimehtal pfogram in fabric flammability

research,'an& one of their goals has been-tb develop an

analytical'model which'will_prediCt'the mean ignition time
under given exposure cdnditions In pursult of that goal
Wulff has proposed [9] a new 1gn1t10n crlterlon for pyrolyzlng
sollds,_whlch_ls predlcated on-the.assumptlon that ignition
occurs in a bogndajy:iaydf ét fhe pyro1yzing.so1id; In

this boundary layer the combustible volatiles, of pyrolysates,




- generated by the thermal decomp051tlon of the SOlld fuel
mix with oxygen from the a1r and the thermal react1on
Ibetween oxygen and pyrolysates accelerates 1tse1f It haS'
also been postulated that this thermal excur51on beglns
 when, 1ocally, a concentratlon—dependent minimum ignition
tempefature Tié(ip) iS'reaChéd, uhere.Tié5ie:the'minimum'
_ignition temperature of the pyrolysate at a particular mass
fractlon of pyrolysate Xp _:wu1ff hae stated'that [10]: B

There are two p0551b111t1es by which the
system can reach ignition. cond1t10ns, depending
on the type of external heating imposed on the

“system: -During convective heating the gas
‘mixture temperature is for all t>o time after

- expesure large enough, at least at the outer
_edge of the boundary layer (or else ignition is
impossible) and the pyrolysate concentration at
the -solid surface must reach a minimum value.

" On the other hand, during radiative heating the

© pyrolysate concentratlon at the surface i1ncreases
from zero to one, requiring at first infinitely
large, then decreasing and finally again increas-.
- ingly large solid surface temperatures. This
follows from the concave shape of the curve
representing T; ,(x Therefore, ignition by

. - radiative heatlﬁg 8ccurs when the surface tempera—
ture reaches a minimum value. _

The above 1gn1t1on cr1ter1on takes into account the heatlng
history, degree of decomp051t10n and air flow dynamlcs near

the heatedmsurface. The”key to.the_successful appllcatlon

of this new ignition'criterion'is the experimental détermi-

nation of the'T (x ) curve for the.pyrolfsatee.that_are
generated by the thermally decomp051ng SOlld fuel,

In summary, it has been shown that the burn 1n3ury
hazard can be measured by the burn rnjury probab;11ty. The

burn injury'probability depends_on"the ignition'probability

——=




P(I/E)fand other'orobabilities}' In order to predict the'
“ignition probability,_one'needs to bredict'ignitiondtime
througb modeling analysis, in terms of material properties
and'proceSS parameters. Any-successful'modelingranalysis
of 1gn1t1on requ1res an 1gn1t1on criterion. The ignition
.-cr1ter1on newly proposed by Wulff [10] is. based on the o
minimum 1gn1t10n temperatures measured on pyrolysate air
m1xtures as a functlon of pyrolysate concentration.. The

the51s presented here deals with such: measurements.

Purpose and Statement of Problem .=~

The purpose of this’ the51s is to develop exper1mental

technlqueS'tO-measure minimumn 1gn1t10n temperatures of
pyrolysate air mlxtures at controlled pyrolysate concentra—
t1ons.f ThlS enables one to- descrlbe through an 1gn1t10n
analysis the preignltron hlstory'of:a pyrolyz1ng sol1d fuel
in terms of the processes of (i) material heating? (ii)
thermal decomposltion; and (iii).external fluid dynamics
(d?namics'of mixing);_and;ffinally,fto”predict'the instant
of ignition. | o

Towards thls end an apparatus has. been desrgned
constructed and assembled whlch |

(1] thermally decomposes pyroly21ng materlals,

(ii) stores the pyrolysates, _

(111) mixes pyrolysates with dry.a1r at controlled

mass fract1ons, and




- (iv) measures in an 1sotherma1 env1ronment the
mlnlmum mlxture temperature at which - self 1gn1t10n occurs.
The result is an emplrlcally determ1ned curve of

"1gn1t10n temperature versus, pyrolysate mass, fractlon,
ig(xp)i

L1terature Survey

Thls 11terature survey 15 concerned wlth the measure—

ment of mlnlmum 1gn1t10n temperatures of combustlble gases
and their flammab111ty_11m1ts. Deflnlthns'and methods of

determination will be discussed.

Ignitibn'and Iénitioanemperature'
~ Setchkin has defined [11] ignition to be "a self-
perpetuating exothermic reaction that is initiated at the

temperature of incipient oxidation, and'that_increasee the

temperature of the reactants above their initial temperature

.until an expiosion,-fiame, or sustained glow occurs." One
of the key words 1n thls deflnltlon is "self- perpetuatlng,"
.because,_lf a reactlon is to be considered an . 1gn1t10n
process, 1t-must be capable of propagatlng a-flame.- This
is’ 1mportant because flame pr0pagat10n is a requisite in
7both the deflnltlons of ignition. temperature and a flammable
mlxture,_' o _ | | |

The ighitien temperature_has beeeldefined_by.Belles

and Swettwliz] to be the lowest temperature at which the

_'heat;lest_from_the flamﬁable mixture is balaﬁded'by'the_heat




-geherated.by_Chemical reaotion. The rate-of chemical reaction

increases at the.ignition temperature,'aﬂd ae a_resuit; the
temperatore-is increased to the flame temperature;'-A
flammable mlxture is one which is capable of propagating a
flame 1ndef1n1te1y away from, and 1n the absence of ap
source of rgnltlon. When it 1sﬁde51red to determlne igni- |
tion temperatures;lit becomesﬂnecessary_to use-various types
of apparatus which in themselves dO'aot'give the true

temperature of the gas but rather a temperature of part of

~the apparatus._ Sortman has cautioned [13] that

‘The so-called spontaneous ignition. temperature
-of a combustible liquid is not a definite property
but varies according to the method of test.
However, the application of one suitable test
method to different combustibles will give compara-
tive results whlch .may be of con31derable signifi-
cance.
There are'four.important methods for determining
SurfaCe'ighition.temperatures of fuels. They are:
(1) crucible methods, static and dynamic,
{2) heated surfaces of various geometries,
(3) adiabatic compression method; and -
(4) bomb method. |
The trﬁtible method which has been critically'evalu-
ated and reflned by Setchkln [14], is used most wldely to
obtaln 1gn1t10n temperatures of liquid fuels.' A drop of

fuel is introduced*into a heated container which is_filled'

with either air or oxygen. In a static test the air is

quiescent,_ﬁhile, in a dynamic test, it is flowing through




the.comBUStion.chamber} lBy observing thehCOnditioaslwhen
the drop_bursts'into'flameg the ignition temperatureﬂand
__ighition*lag cah oefdeterﬁined; There:are'two main disadvan-
.tagee to thisdmethod' (l) the mixture compoSltion is nOt |
known and (2) the heat of vaporlzat1on is supp11ed by the a
.cruc1b1ew- The temperature of the surface of the cruC1b1e
ie recorded-as the 1gn1t1on temperature; _Scott, et al,r[15]
modified'the.drop method “apparatus so that the ignition'.
_ temﬁeratures‘of_both'1iQUide'and gases could be determined.
Gaeee are liquified by means of.dry ice,or:liquid_nltrogen.
and.are_teated_in thehsame*mahnerlas ordinary liquids. The
~desi§ner5rclaim tﬁat hgaSee whose:ignition temperatures:ln_
| oXyéen_have_hot been_determined becauseiof'the violence of
the'explosiohsfmay_be liquified'and tested in this'apparatus
Lw1th safety " | : | o

' The dynamlc heated tube method,.as descrlbed by
Dixon and H1gg1ns [16], consists of two quartz or Pyrex
tubes, separately heated,_1n Wthh the combustlble gas and
supportlng atmosphere are fIOW1ng The combustlble gas. 1s
mlxed wlth the . supportlng atmosphere at a controlled rate
- by means of a’ small orifice in the end of the small tube
whlch contalns the flammable gas, The measured 1gn1tron
temperature:is the:mixture temperature at"which the flame
.appears-after a ﬁeasured'time3lag.' With this method the
mlxture comp051t10n 15 known and controllable.

When,lt was f;rst_developed by Tizard and Pye [17],
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the adiabatie compression method was supposed to be suitable
to elininate the effects of the surface on ignition tempera-
. ture. _The resultingiignitiOn temperature would be equal to
g_thoseffor_homogeneous gas-phase ignition. The.apparatus:was
'construeted with a piston that'mOVed forward very quickly,
thus, compre551ng a volume of fuel-air mlxture in a cylinder.
At the end of the stroke, the plston was locked. . Calcula-
tions by TiZard and Pye showed the time reqUired for any
-appreC1ab1e heat transfer to the cylinder walls from the gas
was much greater than the - observed 1gn1t1on time lags. The
1gn1tion temperature is determine@.from the pressure ratio
which has been measured. .Hoﬁever; the experiments of Tizard
and Pye showed that significant heat transfer to the walls
did take place. Lew1s and von Elbe [18] have pointed out
that alllexPerinenters-have found it necessary to condltion
the'walls:of'the_reaction chamber in order to obtain
consistent results. Therefore,.a wall effect does exist,
and . the ad1abat1c compre551on method gives an apparatus
dependent temperature rather than an absolute ignition
utemperature.., _
| In the.bomh method [19],7the flammable_mixture is_
injected.into an evaeuated chamber which'has_been.preheated
to a known'temperature._ Errors may result from.possibie_
Catalyticﬁeffeets:of.the chamber and from.thehfact that the
gas'mixture must he'heated:before ignitién can occur.

In discussing the above methods for determining the
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ignition tempereture, Belles and Swett [12] have stated

that "data from 511 these methods cannot be.comﬁared because
- of the difference in ekperimental apparatﬂs_and technique;
-however,-date ffom.ene SOUfce-ean'be used .to show the |

trends of dlfferent varlables."

Flammablllty L1m1ts
| Coward and Jones: [20] deflne ‘the d11ut10n 11m1t.of
flammability, or, more slmply the flammab111ty 11m1t,-as
the borderline.tompOsitibh; whiqh,-With e.eiight change in-
.ohe.directien pfeduces'a fiehmablelmiktureeand.ih the other
_directiOn:an inflaﬁmabie ohe. There are1tﬁefiimit5'of_
flammablllty, a lower and a hlgher.i The lower or lean,:
llmlt is the m1n1mum concentratlon of . combustlble gas that
_w111 propagate a'flame, and_the hlgher, or rich, limit is
the maxlmum concentratlon. :ThGSe'Iimits.ere,'therefore,
phy51co chemlcal constants (at glven temperatures and |
pressures) of.gases and vapors. . _'
After_studying_the'literature, Coward and Jones have
concluded that'?nbrmal vatiations of atmOSpherie-preesure
do nqt:appreeiably affect the limits of fiemmaﬁility, as -
has_been.shown both by direct obsertation and by deduction
I:frem the:ceutse-of-curves.shOWingethe variation ef limits
oVef mugh widet variations of presSure than that offthe
atmosphere" [20]. | |
Whlte [21] has shown by experlment that, for most

mixtures, there is a straight-line relation between the
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Climit of flammablllty and the 1n1t1a1 temperature of the'
'mlxture. In order to propagate a flame, the layer of
unburned gas next to the burning layer must. be brought to
the- 1gn1tlon temperature. If the temperature of the
unburned gas 15 1ncreased before the passage of the flame
'front, then less heat ‘has to be supplled by the burn1ng |

layer.' The:reSult of this increase in initial unburned gas

temperature'is a-decrease-in'the lower iimit and an increase

in the upper 11m1t, i.e. the range of flammab111ty should
be wldened at both 11m1ts by an. 1ncrease of temperature.
Egerton and Powling [22] 1n a study on the effects
of varlous dllutents on the upper and lower flammablllty
limits of yarlous combustlble gases, have ooncludedzthat,_
"whether combustion takes place or not isbdependent upon
the tenperature of the:fiame being:sufficient_toZmaintain a
certainlboundary-flame temperature which provides a certain
:chcentration'of'aotivebradicals in -the boundary region.”
Ignition is produoed_in the?unburnt gas Mainly.from the.'
:radicals derived-from the flame. A flame which is”traveling

through a combustible'gas mixture_Can be described as.

consisting of (1) a region in which the gas mixture, -initially

oold, ie being_heated by oonduotion,:(Z) a'region.in'whioh
combuetion ia'QCCUring,-and (3) a'region in which the
products-are'eooling;_ Egerton ‘and Pow11ng s exper1ments
‘have led them to conclude that the 1nf1uence of reactlons

in the preflame zone is not of major 1mportance.-'The
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1n1t1at10n of the flame at the edge of the preflame zone is

due to the unburnt gas meetlng, as it enters the flame zone, -

act;ve radicals_and molecules with hlgh'energy_whlch come
from the flame itself. When the cembuetible'gaS'enCOunters
"a reg1on of high enough temperature contalnlng suff1c1ent
.concentrat1on of these fadlcals the combustlon 15 1n1tlated
.and then proceeds rapidly." _ | _

~ The U. S. Bureau of Mines IZO]}uSes_the following
method for-determining theeflammability limits of volatile
1iquide and”gaeesf A glass.fube‘;n which £he mixture is |
'tested is_fifstfevaEuated by'a'vacﬁgm pump. A meesured.
amount. of vapor ef_gae is_theﬁ intfoduced_into the tube,
after~which.air or.anether supporting atmoephere is admitted
through e drying-fube uhtil:atmospheric_preésure is reached.
The_eif'and-test gas are then'thorOughly'mixed by circula-
tioﬁ.fo: iO_tp 36 minutes. After suffieient mixing, the'
hefetofore elosed‘tube is opened to the atmosphere, and the
mixtufeis fiammability is tested_by attempfing spark
ignition of’by passing a small flame aeross;the open-ehd of
the tube _ _

Powllng [23] has d951gned a burner which can be.used
for determlnlng low burnlng ve10c1t1es and 11m1ts of |
flammeblllty. The burner 5tab1112e5 slew burnlng flames,
beyond the range of other burners, and produces a flat
| reaction Zone_free from all surface_contacti A &escription

of the'burner_is given belqw. The premixed;e#ploeive gas
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mixture-ehteré a water cooled'burner'tube from below,:and_
the flow is distributed uniformly'across”its'whOIe diameter
of 6 cm by a diffuser whlch is p051t10ned near the top of
the copper burner tube. The diffuser consists: of a short

: length of glass beads followed by a series of fine gauzes.
tThe gases are then conducted almost to the burner port
through a vertlcally lamlnated matrix made from a roll of
alternatlvely plaln and corrugated metal ‘tape through which
the flow-rs.stream11ned. By adJustlng the p051t10n of this
'paekinglithe velocity distr;butronfcanﬁbe made to be_qultet
uniform'except-for frietion”effect% et'the-edgesr .These,
are corretted*just above theQPort:by_a:suiteble curreht of
inertugae.which.isdintrodueedeat.the_exit_of the burner by
meenejof_alsliding gleesijeeket,_pQSitiOned.around the out-
eide of_the-burﬂer.r Powllﬁg used the.burher.for_experi—
mentally_deterhinihg burning_velocity_versus composition
curves for various hydrocarbon_gases to_their lower:limits.
- The determinatioh'ofﬂthe-lower limit from these curves was.
foﬁnd to be_quite'pretiee,_the error being_lessethen 10.02:
'per cent | | _

As has been stated before in the preced1ng sectlon
of thlsxchepter, the_purpose of thlS the51szis to develop:
the e;periﬁental epparatus'end_techniques.necessary for the
determinetion_of the minimum ignition temperature of combﬁe-
-tible fuel-air mixtures as a functioh of their masg fraetioh.

As. can be seen_from_the-fbregoing'disnuSSion_of.flammability
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limits-and-ignition temperatures, the results of this
thesis will aleo be a method for determining the flammability

limits of a combﬁetible gas. For the expected U Shapedﬁ

curve of ignition temperature Versus masslfreetion of fuel,
" the flammablllty 11m1ts are the two vertlcal asymptotes of

-the curve.

Scope.of Thesis

'Thelinstrﬁmentetibﬁ and_eqﬁiﬁmeht_aleng_with'a
diseuseibﬁ'ef'theif deSign_Criteria.is.presénted in.Chapter
11 of this thesis. The:expefimentel pfoéedUres.and'the
methods efhdate reductieh.afe'describedhin deteil ih_:
Chaﬁters'IiI and 1V, tespeetivéiy; and’the"fesultejof tests

on propane and three cotton fabrlcs dre presented in Chapter

-V. A dlSCUSSlOH of these results is also glven in Chapter.

V. _Conc1u51ons and some recommendatlons are presented in

Chapter VI. The Appendix contains sample calculations.
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' CHAPTER II

INSTRUMENTATION AND EQUIPMENT

- Purpose aﬁd;Design Criteria.
~An apparanS éﬁlled"thé waef Ignition Temperatuie
and Concenfratidn Appara£us'(LITACA] Wa§ designed,_cbnstructed,
aﬁd'assémbléd to | | | | | |
} (i) thérmali}'de@dmpoée ﬁyrolyzihg materials,
" (ii) store the.pnyIYsates, - '  _”
(iii) -mix pyrolysates_with dryfair at.coﬁtrolled mass
| - fractioﬁs; - | |
(iv)  méaSure°thé miniﬁum'mixtufe.temperature at
| ﬁhiCh.selffignitibn oCcurS;waﬁ& “
.[v)  afford‘pfroiysate samp1iné fqr_mblecularr:. 
weighf detérminatiOns,_ o |
_ ._The_major-criteria'which this apparatus had to meet
o are (1) the_integrity of-the pyrolysate composition should
be insured by pré?entihg water vapor condensation in the
éﬁpafatus,.énd (2) the temperature measuréd shou1d be the
true minimum ignipion tempefature to within 15°C.. The
apparatus also;ha&_to have ﬁhe_provision'to_ief a-sample of

_ perIyséte be draw@ off for density measurements.

Major Components and Operating Principles

Figure 1 is 4 flow diagram for LITACA, which is shown

s
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in Figure 2. Its six components are:

(i) nyolysate Generating Furnace with Acéumulator,d

to deéompoée_up to'lOC-grams of thermally degfadable mater-
ials and to store thé decomposition gases;

(11) Supply of dry alr, to be mlxed at a controlled

rate w1th the pyrolysate gases,.

(111) Sgpply of nitrogen gas, to pressurize the top

side of the accumulator piston which causes the ejection
of_pyrolyséte from the generating furnace at a contrdlled
rate and to flusﬁ the'air'from the system duxing the

preparatory stages of the_expérimenfal'probedure,

(iv) Flow Metering System, to measure.the volumetric
flowrates of the dry air and of the pyrolyéate in order to
determine and vary the mass fraction of pyrolysate-air

mixture,

{(v) Reaction Cell, 1n whlch the dry a1r and pyrolysate

are mixed and in whlch th1s mlxture is heated and 1ts

temperature is monltored,

(vi) Temperature Recording Facility,'tb_monitor the
'pyrolysate temperature. |
These major components along with auxlllary components are
descrlbed in the follow1ng sectlons.

Pyrolysate Generatlng_furnace _

. Flgure 3 is an assembly draw1ng of the Pyrolysate
Generatlng Furnace, with its accompanying parts 1lst given

in Table 1. The furnace is mounted inside the cabinet of
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Table 1. - Parts List for Figure 3

21

Part - -
No. -Description Material Req'd
1 Accumulator_Bafrel Pyrex Glass 1
2. Gasket _ Teflon - -1
3 - Threaded Rod o Cold Worked Steel 6
4 - 3/8-24 UNF Hex Nut SAE Grade 5 6
5 Accumulator End Cap . ° 304 Stainless Steel 1 .
6 Accumulator Piston 6061-T6 Aluminum 1
.7 "0" Ring Neoprene 2
'8  Accumulator Manifold * 304 Stainless Steel 1

9 Flange | ‘Cast Iron | 1
10 Insert Neoprene 1
11 Gasket . " iTeflon - 1
12 5/16-18UNC Hx Hd Bolt  SAE Grade 5 4
13  5/16-18UNC Threaded Rod SAE Grade 5 4
14  Furnace Mounting Plate - 60615T6_A1uminum 1
15~ ESNA "Rollpin" Steel | 3
16 Furnace Housing 3003-H14 Aluminum 1
17 Furnace Heater Support = Transite 1
18  Furnace Test Tube Fused Quartz 1
19 5/16-18UNC Hx Hd Nut SAE Grade 5 16
20  Upper Support Ring Asbestos 1
21 Furnace Heater Support Transite 1
22 Heating Element Casing  Ceramic 1
23 1

Lower Support Ring

Asbestos
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Pigure 2. The heat sources for the furnace con51st of two_
CYllﬂdrlC&l half- shell 1720 watt-230 volt Model RH 256 |
heaters from Thermal Corporatlon, HUHtSVllle Alabama The
heaters . -are wlred in parallel The heatlng elements have

the upper operatlng temperature 11m1t of 2 200 F and are

chrome -aluminum- 1r0n re51stance wlres, hellcally wound and

placed in ceramlc backlngs These backlngs are then embedded

in a'ceramic core} The test tube Wthh holds the sample is

made of "Vltre0511" fused quartz It is 20 1/2 1nches long

:and has - a’ 1-1nch 1nterna1 dlameter The stalnless steel
- manlfold ‘allows access to the furnace from flve po1nts in
_the system namely the Vacuum pump, the gas sampllng glass

_balloon, the n1trogen supply, the pyrolysate flow meter,’

and the pressure gauge._ The accumulator barrel made. of
pyrex glass, is p051tloned on top of the manlfold and has a
mar;mum capaclty of approx1mate1y two-lltersr-.Itars sealed
by a nitrogen,éas:pressurized piston,_made_of aluminum with:
two neoprene "O“jrings.ifThe,pressuriZed piston controls .
the preSsure in the accumuiatOr.. The accumulator together
with the inner core-of-the furnace'is shown in Figure 4.

‘The power. 1nput to the furnace is controlled by two

'20 amp 115 volt varlable autotransformers, wired 1n serles.'

All gaskets-useda;n the furnace are_made of 1/16 inch thlck

Dupont Teflon. | A'chromelealumel'thermOCouple-is positioned

near the center of the furnace core to mon1tor the tempera—

: ture of the furnace




Figure 4. Furnace Core and Accumulator,
Overall Height is 90 cm.
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Reaction Cell

”Figure75-is an assembly'drawing of fhe Reaction Cell
in- which the pyrolysate 15 mixed w1th dry air and then
heated to the mlxture S. 1gn1t1on temperature whlle its
temperature is belng monltored Table 2 is the accempanylng
parts 1ist}' Flgure 6 is a photegraph of the reactlon cell

Both the mixlng chamber_and-the flame arrestlng chamber are

made of chrome-plated braSS'with_a nickel undercoating. The

mixing chamber has a guard heater positioﬁed underneath it

- to prevent condensatlon in the m1x1ng and flame arrestlng

chambers The flame arresting ehamber is’ f111ed with 3 mm

dlameter-giass?beads which preVentIthe-upstream propagation
of-thepflame and}at_the“same.time'enhance the mixing ef the
gasest_:A.gﬁard heater encloses most of thatepart of fhe

ignitiehgfube'whieh is in the.iower.sectien_ef the Reaction

Cell. This'heater preventS'cendensation'in'the cooler,

- lower half of the ignition tube and can also act as a pre-

heater if neCesSary The 1gn1t10n heater p051t10ned in

the. upper half of the Reactlon Cell, censzsts of two 515

watt, 115 volt cylindrical half-section heaters, Model

RH 221 from Thermal Corporatlon Huntsv1lle, Alabama, W1red

1n parallel The_Z,ZOO F capacity heatlng elements are

also chreme—aluminum-iron wires, helically wound and placed

in ceramic backings, which are then embedded in a ceramic

core. The power supply to the heater is controlled by a

15 amp-115 veit Variable auto-transformer. A guard heater |
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_Lower Guard Heater

Table 2. Parts List for Figure 5
Part . - |
No. Description Material Req'd
1 ‘Insulation Cap Asbestos 1
2 Reaction Cell Lid Transite 1
-3 Bushing o Transite 1
4  Tube Bundle " -Quartz 1
5 Ignition Tube Shield _Stalnless Steel 1
6 . Upper Cell Housing 6061-T6 Aluminum 1
7 Ignitibn Tube Fused Quartz 1
8 Bushing. _ “;:Tran51te-.'. _ 1
9 " Graded Seal :VfQuartz -Pyrex Glass : 1
10 6-32UNC Rd Hd Mach’ Scr SAE Grade 5 _ _ 4
-il_ Seal Pyrex Glass-Kovar -1
12 Lower Guard Htr Suppoft StainlesS“Steel 1
13 '_Lowef.Celi‘Housing '6061 T6 Aluminum - 1
14  1/8NPT-1/4 Male Comn. 316 Stainless Steel 1
15 ﬁushing | Transite 1
16  Gasket Teflon 1
17 Mixing Chamber Chrome Plated Brass 1
18 Spacer | Transite - 2
19 Support. Shelf _ Aluminum 1
20 1/4-20UNC Nut § Bolt - SAE Grade 5. 4
21 Flame -Arresting Chamber Chrdme'Piated Brass 1
_22 Bushlng _ - Transite | 1
25 6-32UNC Hx Hd Mach Scr SAE Grade 5 3
24 Flange - _StainleSS'Steel 1
25 Bushlng _ -Transite ) 1
26 Upper Cell Floor | Transite _ 1
27  Upper Guard Heater Nichrome ere _ 1
.28 Ignition Heater Chrome-Al-Fe Wire 1
Nichrome Wire 1




Figure 6. Reaction Cell for LITACA-.
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is built into the top insulating cap of the Reaction Cell
by embedding a 10 ohm coil'of nichrome wire in Sauereisen

Insa-Lute adhe31ve cement ‘This heater is-positioned

'fbetween the 1nsu1at1ng cap and the transite 1id ‘in order to

_suppress heat losses from the top.

The key component of the Reactlon Cell 15 the 1gn1t10n
temperature thermometer "This thermometer unit is made up
ofdfour basic perts: (i) 1gn1t10n tube, (ii) quartz tube
buudle, (iii)'nickel resiStance wire, and (iv) the chromel-
alumel thermocouple | |

(1) The 1gn1tlon tube con515ts of four sectlons fused

-together (1) a 10 mm I,D, quartz tube, 128 mm 1opg, (2)

a quartz to glass graded'eeal, 15 mm long, (3) a pyrexb

glass tube w1th 6 mm I.D., 75 mm long;'aud (4) a gless-kover

graded seal 1/4 1nch 0.D. and 35 mm'ldﬁg

(i) The quartz tube bundle is made up of 19 quartz
tubes,-each_w1th:a_2 mmn.O.D. and a 1 mm I.D. Seventeen_of
the_tubes are 30 mmilong and are bound together (by means
of two steiniess steel wire rings) with two 144'mm long
tubes which support the bundle and act as conduits. for the
stranded nickel leads. The top of the bundle is 6 mm from
the top of the ignition tube.

(iii)_Abbroximately 570 mm of 0.005 inch diameter
nickel uire-(type A, purchased_from Sigmund Cohn Corp.,

Mr. Vernon, New York) was passed through the tubes. The

- five conductor stranded niekel.leads,:which are positioned




29

dinSide_the quartz tube légs of the bundle, are Spot-welded
to the ends of the_single strand wite at the bottom of the
bundle, The other'ends_of these stranded leads are silver
soldered to tunQSten pins which are sealed into.(and exit)
the pyrex sectlon of the 1gn1t10n tube. On the outside'of
the 1gn1tlon tube, two leads are attached to each of the
tungsten p1ns These four leads then proceed to ‘the.

- resistance measuring fac111ty | | |

| (iv) A chromel-alumel thermocouple with ceramio

'insulation was positioned in;thetoenterEOf the tube bundle,

"with:its:ieads exiting'theﬂReaetion,Cell through the.top,h-

The'tubehbundle was placed so that it occupies that

section of thepignition_tube that experiences the highest

temperature This position was determined'from the results
of a temperature traverse along the axis of the 1gn1tlon
tube. Wlth an air. flow of 87. SCCM, the stalnless steel
ignition tube.shleld (part number 5, Figure 5) was brought
to anheduilibrium:temperaturejof 431°C,'and the centerline
temperature”offthe ignition tube was meaSUred at different
points from the top of the reactlon cell by a chromel—_

alumel thermocouple.- Flgure 7 shows the results of that

temperature traverse.

Flow Meter1ng_5ystem

Two Brooks Instrument flowmeters (Model 1355 meter.
51ze #2) are used for measurlng volumetr1c flowrates -For

the pyrolysate, an R-2- 15 AAA flow tube with glass and
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stalnless steel floats (maxlmum capac1ty of 49 SCCM and 14?
SCCM, respectlvely) are used For dry air, three flow tubes
are available_with both glass and stainless steel floats: |
.-(l).R¥2715~AAA, (2) R-2~155D'providing a’maximum-capaCity
‘of 375 SCCM and 830 SCCM.with glass and stainless steel -
floats reSﬁectively; and (3) R-2-15-B with 5.0 SC?H.and 9.8
SCFH maximum capacity. _Iromeceﬁstantan thermecouples are
positioned in the flowStreamaat the emtrances'of both flow
kmeterst Thesé temperatures'are1hecesaarr for'the conrersion_
of the calibrated_flow meterrreadinga from_staﬁdard'cendir
tioas to the test conditions'. JA3U~tuBe'manemeter was .used
to.determine_if it would Eé;neceéSary tc_make_pressure
conditiene in the flow readlngs; however, it was found that
the static_gage_pressure'in.the flow lines Has near atmos-
-pheric and no;cOrrections.were'necesaary:_

Reéistance"ahd Thermocouple'Recordi;g'Facilities

The're51stance record1ng fac111ty for the n1cke1
w1re re51stance thermometer con51sts of:

(i) ome Hewlett Packard Model 34703A DCV/DCA/OHM
Meter whlch prOV1des eight ranges of re31stance measurement,
from 1. ohm fu11 scale to 10 mega ohms full scale,;-' :

(11) one Hewlett Packard Model 34705A Five Digit.
Dlsplay Un1t, _ _ | _ _

(111) one- Hewlett Packard Model 34?21A BCD Module
wh1ch provides nonlsolated BCD output for- operatlon w1th

printers and_other;dev1ccs, _
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- (iv) one Hewlett-Packard Model 581A Digital'to.Analog'

‘ Converter whlch accepts the ¢ 11ne BCD Module output, and
sends out a DC 31gna1 to. the recorder, _

(v} one Hewlett-Packard Model 680;Strip'Chartf'
Recorder. N | | ' | |
-The D1g1ta1 to Analog Converter allows the dlsplay of any
set of three adjacent digits to be recorded with automatlc
range stepping. ._ .d

A two-channel Leeds ‘and Northrup”Speedomax X/L 680
Recorder is used in. conjunctlon with an Omega Thermocouple
Ice P01nt Reference Chamber to measure and record the
thermocouple_emf{s.of-the_system. A Hewlett Packard 34203
C DifferentiaIEVoltmetereis.also used to monitor and |
measure&thermocoupie signals.

Auxiliary Systems and Components

Tﬁe_gasslines used_in LITACA.are.all 1/8_inch 0.D.
$5316 stainless steel tubing. _All'valres with which the
pyrol?sate“gases cOme into'contact'are'made of 58316 stain-
less steel w1th teflon packlngs, whlle the valves on the
air side are brass,

The_vacuum.pump'used to-evacuate the system prior to
pyrolysis is-a Vac-Torr'Model D-25, wnich'is a two-Stage
pump-with a 1/3_horsepower motor, vented exhaust, ZSIIiter
per mlnute free a1r dlsplacement and guaranteed vacuum of
0.0001 ‘torr Hg The furnace pressure gage reads both

p031t1ve and negatlve gage pressure with a range of from 30

L
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: 1nche5 of Hg up to 30 psig.

All of the pyrolysate gas lines are wrapped wlth
chromel alumel thermocouple w1re which are hooked up to a-
115 volt 5 amp varlable autotransformer to act as a guard
heaterr- These two guard heaters are used to keep the
.pfrolysate?gae-lioes aod'the accumulatOr_barrei-at 120°¢
during testing to prevent condensation of any of the'pyroly—
sate mixture. . B | | |

_ In order to measure the density of the pyrolysate

gases, it is necessary_fo collect a known sample volume of
the gas from the furnace;.:Thié'sample'isoc011ected7ih a

'glaSs:balioon made of blown glass for that purposeh

Construction Difficulties’

| 1n order to pass on some of the experlence the
pauthor galned dur1ng the constructlon and prellmlnary.testlng
phases of thlS work, some of the maJor problems ‘that were’
encountered will be dlscussed '

Pyrolysate Generatlng_Furnace

The orlglnal de51gn of the Pyrolysate Generatlng
Furnace called for 12 General'Electrlc tungsten,fllament
lamps to.be usedras-the'heating=e1ements§; The_IZHradiative
.heaters were placed.verticarly_in the furnace and formed a
cylinder_around'the fornace_test_tube.1_ﬁuring'rhe.first'
'teat of_the_furnaqe.after_its.constroction,'tﬁe'fUrnace_f._

temperature'was raised to 700°C. The resulting thermal
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stfesses_caused the quartz casings around the tungsten
coils to break. . The heaters described in the preceding

sections .of this chapter were then acquired'and installed.

IRéaCtion Cell | _
| The greafest difficulties in the fgbrig#pion"of_the__
Reaétioh Cell-weie'encountered with the resiétahcé thermome?
ter. The first thermométer built used 0.005 inch diameter
-platinun Wiré with'l& gaﬁge_piatinum exft pins; A thin
_coatihg of goid_ﬁad beeﬁ gieétrOPIatéd"Onto the piatinum |
in order to:prévént fhe possibility of the bare platinum
acting asna”catalyst. Since the_resistancé-ﬁersus;teﬁpera-
ture rélatidn’far.plafinum and gold are well establishgd;
it was unnecesSary.ta use.a-thermocbuple.in the tube bundle.
The exit piﬁs-and.the 0.00§ inch diameter piétinum wires
were spot ﬁelded'together. After'ignitionﬁteSts.were_rQn
with pfopane,'thé.Reﬁcﬁioh Cell was disaséembled, and if
- was found that the'gdld.had eVép0ratéd_from:the platinum.
It_w&s;then;decidéd to-uée”nickél qs-the_resistahce

wire.with tungstén éxif pins. _Above”351°C,_ni¢kel-cannot'
be used'as_a.réSiStance thermdmeter because of oxidation;
'a'thermoﬁouple.was“thén_incorporated into the;design.
Difficulties wefé'enéouhféréd iﬁ_joining the nickel wire to
the tqthtén piﬁs. ‘Both spot ﬁelding and.silver soldering
were attempted and found to be unacdeptable.}-The;final-
solutibn,_as deécribed préviously,_ﬁas tb'silver‘Sdlder

stranded nickel wire, which runs from_thelbOftom of the tube
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bundle to the:pins, to the'tungeteh'pins

p | Durlng the test runs on fabric samples, the copper
hook up wire to the 1gn1t10n heater inside the upper cell
'hou51ng d151ntegrated due to the high temperatures ThlS
copper wire was then replaced by stranded nlckel chrome
wire Wlth ceramic fish spine beads from Thermal Corporatlon,

_Huntsv111e, Alabama, uqed as electrlcal 1nsu1at10n
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CHAPTER ITI
EXPERIMENTAL PROCEDURE

'This-chapter-details-the-experimental'precedures-used_-

to:obtain'the:ignition temperatures of propane-air mixtures,

pyrolysate-air mixtqres, an& the pyrolysate density. The

'calibrationaof'the"nicke1 resistance thermometer will be .

discussed first.

. Calibration of the Thermometer. .

A calibration of the nickel resistance thermometer

was carried out, USing-the-ignition and guard heaters to

bring the Reactlon Cell to thermal equ111br1um Three

thermocouples, p051t10ned at the lower guard heater, the

_1gn1t10n tube sh1e1d, and the ‘centerline of the 1gn1t10n

tube were used to monltor the temperature»1ns1de the Reaction

Cell. wﬁén'theﬁe:threé fhErmocouples'experigneed°feﬁpera-
tures withiﬁ"2°C of eaeh;other, a ealiﬁrationapbint_Was
recorded. Priqr to the calibration test, the ighition
heater was“taken;uf_te_a.;emﬁerature.ef_435°c andtal;dﬁed to
sloaly cOol_Back down to_roem temperature...This:annealing'
of the wire (which was not anhealed'by the_manufacfurer)

served_fqtrelieveﬂany work-hardening'stresses_whiCh'might

~ have been fqrmed dUrihg the threading ef the tube bundle

“and to allow a thin protective oxide film to form on the
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‘surface of the nickel. After the annealing, four calibration

points were taken at different temperatures. _During the
initial_testing with propane-air mixtures, it wae.diecovered
that the resiStanee thermometer did not respond to;ignition,
and; therefore; the resuite of the calibration_nere not

used.

: Ignition Témperature Measurement

Thls sectlon descrlbes the procedures used for

running an 1gn1t10n temperature test on propane a1r mlxtures'

and pyrolysate a1r mlxtures._-

Propane -Air Mlxtures

The Pyrolysate Generat1ng Furnace’ and pyrolysate gas
lines are filled with propane after belng evacuated by the
system vacuum pump.- In thesé tests,none of the guard |

heaters outside of the Reaction Cell are used. The procedures

" for the attainment and the recording of ignition-temperatures

of propane-air mixtures are the same as those described

later in this ohapter.forfpyrolysate—air mixtures.

Pyrolysate-Air Mixtures
| This section describes the procedures used in running
ignition tests on fabrics. .

Preparation of Fabric Sample. A fabric sample of

approximately 28 grams is prepared_by outting'the eloth-into
2 to 3 inch sqdares_and packing it into the fused quartz

test tube of the furnace core. By the flushing procedure
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descrlbed next and by desiccation prior to. 1nsert10n into
the furnace, the fabric moisture was removed.

Flushing Procedure. Wlth the fabric'sample_in place

~in the test tube and the furnace core installedViﬁ-the

furnace, the system is now ready for flushing. The valve

numbers used below refer to the valves shown in Figure 1.

With valves-l, 2, 3, 4, and_5 closed;_the.vacﬁum_pump is
allowed te'evaquate'thetsvstem fer'ipto 2.minutes. After
this'period .valve'l is closed. Valve 3jis'a-three-way
valve. whlch allows access from the nltrogen supply elther
to the top 31de of the accumulator plston or to the furnace
test tube and pyrolysate gas lines through the accumulator

manifold. The system is f111ed with nltrogen to a sllghtly :

'p051t1ve gage. pressure by turnlng valve 3 to the proper.

p951t10n, After f1111ng ‘the system Wlth nltrogen valve 3
is.closed, and valve 1 1s opened_to-refevacuate_the system.

This flushing and“evgcuating procedure is repeated five

times, and a final vacuum is pulled on the_system.l-Vaive 1

is_theh_clqsed,'and the vactum pump is turned off. The
system is mnow ready'fOr the-pyrolvtic-protess.to-begin;_

'Pyrolysis_oleabric. The perlysislof;the.fabric

“and the accumulation of pyrolysates will now be'described;

The furhacexis energized and brought'tq a temperature of '
approximateiy 360°C  The pyr01y51s of the fabrlc can be
monltored by observing ‘the rlse in furnace pressure Durlng

the early stages of_pyrply51s, the nltregen pressure on the
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top side of thé.accumulator.barrel ié kept-at athospheric
pressure by keeping the piston vent, valve 4, open ahd the
nitrogen pressure regulator turned pff.-'As fhe pressure in
the”furnaée ;ises'above atmospherip presSﬁré,'the piSfon'
rises ih the accuﬁulator barrel untii it feaéhes its maximum
displaéemént;-at ﬁhich timé; the'ﬁiston fenf_is.élosed;”
The guard heater:on the accumﬁlatdr barrel prevents the
condensation of volatile vapors and tars on the walls of the
glass barrel and on the bottom of the pistﬁn.
it takes-the_furna¢é iS‘to 20_minuteé to reach 360°C.

The rise in furnace pressure due to pyrolysis occurs at

.355°C,_and pyrolysis is complete after a period of 25
> - a pe

minutes.

 Guard Heater Control. During the period in-ﬁhich-the_

furnace is geﬁérating ﬁYrolysates;_the:gqgfd heaters are
turned 6ﬁ to warm up the necessary components in'fhe system,
The pyrolysate gas lines are brought.to a.témperature of
apﬁroximately 110°cC, and the 1oﬁer_gUard heater rises to
about 2005C. The ignition héater and.uﬁper guard heater_
are sét sd that the uppér_half_of the Reaction.Ce11 reaches
a temperatﬁre‘of_300°C, and the accumulgtbr barrel guard
heater is set at 120°C. | |

Flow Rate Control and Measurement; _When the pyrolysate

generation is completed, dry air is passed through the
ignition tube at a'Selecfed'flowrate, and the input power

to the ignition;heateriis_stepped up such that the
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Ni-resistance thermometer shows the desired steadY;increase
in temperature{ ~-Finally, the pyrolysate is introduced at
a preselected and;measured"flowrate, -The temperatures_Of

the dry air and pyrolysates are measured by .iron-constantan

thermocouples at the 1nlets of both flowmeters. These
temperatures are used to convert the callbrated flow rate : !
measurements from standard to test conditionms.

Attainment and:Recording_of Ignition Temperature. -

For an increasing heat flux into the gas mixture during its

-paseage'thrdugh_the ignition tube, the gaSIWill reach its

maximumptemperature at thé tube bun@le. The nickel wire

and the~thermocoup1e junctionprepreseht, because of their

_ higherpabsorptanCe in relation to quarttland'the gas, the’
highest temperature in the ignition_tube, Thus, when the
résistanoe-wire.or.the-centerliﬁe thermocouple in the tube

™

bundle shows a sudden excureiOn from its steady rise,

ignition of the mixture should have taken place on the wire. o
The steadf rise_in-the:ignition_tube temperature.is |
induced By]a step_increase in powerainput'to-the ignition
 heater. Prior;to.this step_increase, the guard heaters
- will have_beén-allOwed to comelto_equilibrium,_ At-the time
ofithe Stepxincreaee_im:power, the airfflom isgset:and
measured; the“pYrolysate is mixed_mith:the air'atpa
preselected flowrate When:the ignition tube centerline_t
temperature reaches a temperature approxlmately 100 C

below the estlmated mlnlmum -ignition temperature, whlch in
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- the case of GIRCFF fabricsiis obtained'from'data.pfesented-
in Refefence_[al'or experience gained from previous test
runs._ i | o

At the point of ignition, the resistance.of the
n1cke1 wire and the emf output from the centerllne thermo—
couple w111 show a sudden rlse, and repeated popplng noises
‘may be heard from the inside of the Reactlon Cell. When
this occurs, the emf of the centerline thermocouple in the
Reaction Cell is recorded at the time'atfwhiCh_the disturbance
oocnrs_and_defined to be the ignition_temﬁefature_for_that
concentration of pyrolyeate. |

Pyrolysate Density Measurement. Thedaverage molecular

weight of the pyrolysates ean be calculated.ffom density
measurements at a known pressure and temperature. | At the
_ end of the pyroly51s process, a sample of the pyrolysate is
drawn off into a 3 inch dlameter evacuated glass balloon.
.After_filling with pyrolysate, the stopcock to the container
is QUiokly opened-and closed to allow thehpyrQIYSate:to
come-to_barometric,preSsure.' The.Balloon-is,then placed in
a'drying oven, which is set at 120°C, for two:hours. At
the end'of-this_time, the'balloon is removed fromithe_o?en
~and its stopcock again quickly opened and closed. The glass
balloon_with pyroiysate sample is then weighed on:an
danalytiCai'balance ~ Since the volume and tare welght of
the glass balloon are known from previous measurements, the

_-dens;ty;can therefore be calculated. With the measured -
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barometric pressutre, temperature, and density of the gas;

- its average mOlecﬁlar weight can be calculated by'using_

the equation of state'for'a perfect gas.

Cleaning Procedure

. After diSassembly,'the_pyrolySéte gas lines, manifold, :

accumulator barrel, flow tubes, and ignition tube can be

cleaned of tars with the use of acetone, soap, and water.

- The carbonaceous deposits on the inside of the furnace

test tube can be removed by placing it into the furnace

without the manifold so that the test tube's mouth is open

to the air. The furnace is then energized and brought to

a temperature of 600°C for a period of one hour. The oxygen

in the_air will oxidize the carbon depoSits,
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CHAPTER 1V
" DATA REDUCTIbN

This chapter describes the methods used_to calculate
the mass frattions:of-py;olysate from the flow metering

data.

Calculation of Mass Fraction

The mass fréctiOn xp.of the pyrolysate in the mixture

is defined by equation (1):
Xy = T A €

where ﬁp‘and ﬁé are the mass fiowrates of the pyrolysate
and air, reSpectively. | .:
" The fldwmeters_ﬁséd in LITACA were calibrated'fdr air

at the standard conditions of temperature.equalfto 21°C and

 a pressure of one atmosphere. The result of this calibration

is a cuive of volumetric flowrate versus flow*tﬁbe scale

reading. The procedure for correcting this flowrate to a

differént dénsity gas'and teﬁperature_will.now be.described.'
A momentum:balance is taken on a control volume which

encompasses the float and that portion of the flowtube

upstream of the float. The résults_are shown in equation (2):
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TilC(VZ-V]_JC. = MeE

| (2)

ﬁb(vzivllb_='mfg,
wheré-ﬁ¢ and'ﬁb are mass f1owrates at calibratéd and test
‘conditions rééﬁectivélﬁg'vé is'the'velbcity:of'the:gas'Ai"
the annular'qpening afbund.the'float, vl is the velo;ity of
the gas at the entrance of the flow tube, ﬁflis the mass of
- the flbat, éﬁd g is the acceieration of gravity.. Applying
the édnservatiqn of mass equation at‘boiﬁts 1 and 2 results

in:

vy _jEKI
(3)
. om
'Vz- = -[VTZ »
whibh holds for bOth Calibration'énd té;t'¢onditiqns.
Combining equatioﬁs'(ZJIand-(S),.oﬁe gets:
m A{m./p ) [(1/A;) - (A/A)1 .} =

The areas Al'and A, are the_crdss-sectional areas through
which the gas flows at points 1 andZZ;*and_thus for the same

scale reading::

4)
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[/A) - (U/ADTL = [A/A) - (/AT ()
thefefofe,'équétién (4) feducés tq eQuatioﬁ (6):

.95 1/2 o L
clE:] - o (8)

- The Volumefricrflowrate.G, which is defined by
=% o
can now be introduced into equéfioﬂ (6) with the result:

1/2
Gb [_]

By introducing the equation of state for a perfect gas and

‘assuming that the test and calibration pressures of the gas

 are equal, equation- (8) can be transformed into:

M.T
_ c'b
Gb_--G _

Pl R
¢ b'c .

where MC and M, are the molecular weights and Tc and Tb are
the-absolute temperatures:of calibfétibn and test gases
‘respectively.  Using equation (7), equation (1) can be put

in the form of densities and volumetrlc flowrates

(8)
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o L4 (Gbapa/Gbppp] -

_whete.the subécripts a and p represent dry air and-p?rolysate

respectively. Equation (9) and the perfect gas law can be

substituted into equation (10) with the result:

whefe
and
| B= [;f;_:f_i]l/z o : ., '(_13).

In order to determine the mass fraction of pyrolysate
in the mixture, equations (11) and (13) show that it is
necessary .to experimentally determine the molecular weight_

of the pyrolysate. This is described in the next sectioﬁ.

Calculation of the Moletular'Weight of nyoleate

As deScribed'in'Chapter IIi, the density of the
pyrdlysate is measured by collecting a vapor sample in a
glass balloon whose volume is known. - The gas'sample is

weighed after the determination of its temperature and




47

pressure, The dehsity of the p?rolySate pﬁ at the-khewn -

 temperature and pressure is defined as:

nrnp“v—L o aw

where mp is the we1ght of the gas sample, and Vb 1. is the

- volume of the glass balloon

The average ‘molecular welght of the pyrolysate MP

can be determlned by us1ng the equatlon of state for a

.perfect gas

where_Tp and Pp;éfe the temperature and pressure of the

pyrolysate at which the density pp haS'been'determined, and

'R, is the universal gas constant.

u
‘Summary
Equatien (15) is the equation that was used in
caltulafing_the molecular weight of the pyrolysate; and

equation'(ll)jwas used to calculate the mass fraction of

“the pyrolysate. As stated before, the ignition temperature

for each fuel cempoeition tested was defined to be the
temperature registered'hy the emf response of'the centerline
thermocouple in the ignition tube when the thermocouple

showed a sudden change in its enf.
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION
'_In the previous three chapters, the Lower Ignition-
Temperature and Concentration Apparéfus (LITACA), its
operating procedures, and methods of data reduction have been
described. The results of ignition tests run on LITACA for
propane and three Cotton“fabrics will now_be*presented and

discussed,

PropéhéJTests

' Ignition températhes of aﬂnumber of propaneFdry air

‘mixtures were determlned with LITACA, The data is glven in

" Table 3 and shown graphlcally 1n Flgure 8

‘Scott, et al. [15}, u51ng the mod1f1ed drop method

‘described on:the'liierature survey of Chapter I,_measured a

‘minimum ignition température £or propané in air of 493°C,

This is 173°C lower than the'minimum'ignitiOn.fémpeﬁaﬁure
of 666°C determinéd'by LITACA. Oné possible reason for this
difference is the quenching effect of the quartz tube bundle
on the.mixtufe,._Fﬁr the tests shown in Table 3, the fube

bundle was 3 cm long. This tube bundle_ﬁas then replaced

’ _bu a tube bundle 8 cm long, and the_tests of Table SEwere
- Terun. The resulting minimum ignition'tempefature was 714°C,

" which is a 48°C increase over the shorter tube bundle. If




Table 3. Propane Ignition Pemperature Data for B*=0;811_

Dry Alr,Gca- Propane,chl Mass Fraction

Tiggiti’cm'-

SCCM . SCCM of Propane,Xp
0 7 - 0.087 693
%0 4 0.051 666
110 4 0.042 670
130 4 0,036 . 673
180 4 . 0.026 681
235 4 - 0.020 690
280 4 0.017 698
330 4 0.014 704
.4 712

375

0.013

. 1

B M. T [% Co

Yo =TT G707+ am- (1)
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Figure 8, Ignition Temperatures of Propane-Air

Mixtures, Lean and rich limits were
taken from Reference. [24]
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the quenchlng 1ength of the tubes were an 1mportant varlable,

4

-thlS result would be expected.

The st01ch10metr1c mass fractlon for propane and.alr
is 0 0604 It can be seen-from Figure 8, that the minimum
1gn1t10n temperature occurs near thls st01ch10metr1c value

Jones and Scott [24], u51ng the U S Bureau of Mlnes
apparetus described in the_llterature survey oprhapter_I,
report the:flammability limits of prepanelin eir to be 2.15%
and 9.05 per cent by volume for the lean and rich limits
respectlvely, Convert1ng these volume per cents to mass.
fractions, they become_D.OSZS for the lean limit and 0.136
for the rich.iimit.. The_aeymptoteslfer the'ﬁ shaped curve
in Figure 8 correspond to the-lean and”rich-limits of fiem—
mability. _This'eurve'appeers to be approaching alleen_limit
asymptote§on'the_orderhof_O.Di.and'ahrieh 1imitha$ympt0te |
onﬁthe,erder.ef_o,lo._ Therefore,pinjthehcase of propehe et
least, LITACA'predicte léan and rich 1imitshlowerpthan that

of the U. S. Bureeu_of Mines 'data.

‘Pyrolysate Tests

_Ignitioh tests were run on three 100% cotton fabrics.

Two of the fabrics ‘tested were among those Selected'by the

. Government- Industry Research Commlttee on Fabrlc Flammablllty

(GIRCFB] They were:
"(i)h GIRCFF No. 5, a white jersey Tféhirt, and
(ii) GIRCFF No. 4, a blue denim fabric.
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Propertles of these fabrics can be found in Reference [8]

The third fabrlc tested was a 100% cotton, speC1a11y

.prepared by'Dr. Wayne Tlncher of the Schoolpof_Textlle ;'

Engineering”at'Georgia Tech such that no chemiCal additives
were used during 1ts fabrication. Por purposes of 1dent1f1—
catlon, thls fabrlc w111 be called Fabr1c A in thlS the51s

- In the 1n1tlal_tests on’ the cotton_fabrlcs,_the

author was unable to get'self-ignition of pyrolysate-air

mixtures, It ﬁas-believed that the'presence of'large amounts

of water vapor 1n the pyrolysate products 1nh1b1ted 1gn1-
tlon, therefore, a cold trap type condenser was installed in
the plumblng system between the. accumulator manlfold ‘and the
1n1et to the pyrolysate flow meter. The cold trap con51sted
of a hollow”glass sphere approxlmately three ;nches.ln .

diameter with inlet'and'exit gleSS tubes? This sphere was

immersed in'an’ice—water.bath The 1gn1tlon temperature

data for pyrolysates reported in thls the31s are for gas

“mixtures which have had.condenslbles removed by this coild

trap.

_ Taole 4 shows the results of the.density_measurements
taken durlng the three fabrlc tests Thessub5cripts w'and :
d de31gnate,.respect1ve1y, w1th and without conden51b1esr N

present:rn_the pyrolysate. The values of Md were used in

“equation (13)_ﬁhen calculating the pyrolysate mass fractions,

In an initial -test with Fabric A in which ignition tests

were not Tun, M was measured at 43.5 and My was found to
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-Fabric.Description' IMolecular Weights
_ _ B . e
j* Mo ™ My
Fabric A 100% Cotton 37.4 - 15.0
GIRCFP NO 5 100% Cotton T-Shlrt - 36.2 : 37'7.
488 39.4

GIRCFF No. 4 100% Cotton Blue Denlm

I

* ' : : : . :
With condensibles present in pyrolysate?

With condensibles removed from pyrolysate

No chemlcal addltlves were used in the preparatlon

thls fabrlc.

of
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be 17.2.
Table 5_presents-the data for the ignition tests run

on GIRCFF No. 5. Figure 9 is a graphical representation of

the data on GIRCFF No. 5. Table 6 and Figﬂre 10 give the:
_data for GIRCFF No 4, and Table 7 and 8 and Flgure 11 show-

| the results of the tests on the Fabric A

Ignltlon temperatures for GIRCEF No 's 4 and 5 are
reported in Reference [7] for both self- and pllot 1gn1t10n.
The_reference-descr1bes_hqw a Setchkln;furnace_was used to

obtain these temperatures for the fabric itself. For GIRCFF

. No. 4 the self-ignition temperatufe_was.fqund to be 288°C

and to be 314°C for'GiRCFF-NQ.-S. From Pigufes 9 and 10,
it can begseen that the self-ignition temperatures of the
fabrics are much lower'than that ofetheir'pyrolysates»as
measured.by*LITACA.e The author believes that the quenching
effect of the quarfz tube bundle may be resﬁonsible for much
of this 1arge dlfference in temperature | | |
With the propane tests, 1gn1t10n was . determlned by
the onset of a_popplng_ne1se inside . the Reactlon Cell. No
such-sounds were.heard while runningeignitiqn_tests on the
pyrolysateﬁ however, ignition could,be determiﬁed by
recording the ceﬁterline thermocouple on a Leeds and Northrup
Speedomai_feeorder._ At the peint_of_ignitidn,.large

fluetuations in the'the:mocouple‘s_6utput were observed,

' A typical centerline thermocouple ignition response is shown

in Figure 12. In both the'pr0pane and pyrolysate tests, no
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Dry. Ja'g_ir,c—cé1 Pyrol'ysate.-,[;,.c-p. Mass Frac'l:ion. ' T._ighition _
SCCM ~ SCCM of Pyrolysate,¥» ==~ C
130 19,7 - 0.140 757

0 19.7 0.191 738
130 22,7 0.158 740
130 26.0 S 0.177 736
130 . 29.7 0,197 720
130 33.0 0.215 715
130 . 35.0 0.225 713
130 44,5 0.269 701

130 54.0 0.309 685

130 64.5 . 0.348 684
130 - 75.0 1 0.383 702
130 86.0 - 0.416 720
130 - 110.0 0.477 730

% . - - 86.0 0.507 745
*B o [%——il’—]% , Eqn. (13) and |
W, o 1 . |
' _x;,,é , Bqn,{(11). -

1+ (Gca/ch)B
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Pable 6. GIRCFP No.4 IgnitiOD'Températu:éjbata for'B*=.9G6

Dry Air;Gca Pypolysafe,Gc§  Mass Fraction

_ _ Tiggition
SCCM .. SCCM of Pyrolysate Xp C.

52 26.0 - 0.3% 716
7 . 2.0 . 0.29 o 721
9% . 2.0 0,242 - 729

o] s
*3 = [FQ—T%}&, Eqn.(13) and

Xy ,=.th.(11).

14 '(Gca/ch_)_B
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* Table 7. Fabric A** Ig'n'it"io'n'_E[.'empera.ture'_])'ata '-

for_B*='0.996 | |

Dry 'Air,Gc Pyrolysafe G op Mas's Fraction Tignition
SCCM . SCCM of Pyrolysate,}:p - C

180 3.0  0.1% . 692
235 3%.0 . T 0.14 - 709

Table 8. Fabrlc ' A*f Igﬁitibn,T‘emperature Data

for B'= 1.45 o -

Dry Air_,C_'réa- Pyrolysate G ép Mass Fraction | Tigni'tion
SCCM - " SCOM of Pyrolysate,}’p - . C
375 55.0 ?? 0.002 714
375 65.0 0.107 . T12
375 . . 5%5.0 . 0092 . - T2
375 . . - 45,0 .~ 0,076 - T6

NS TP
*B = I:—L-Pj' » Eqn. (13) and

1..

T TS (Gca/ch)B , Ban. (11).

ThlS fabnc is a 100% cotton which was specmlly prepared
by the School of Textile Engineering such that no chemi-
cal a_ddltlves were .used during its Zfabrlcatlon.
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" Chromel-Alumel Centerline
Thermocouple (mv) = ‘

. Time (1cm=1min.)

Figurel2. Typical Ignition Signal. Centerline

R

Thermocouple emf versus Pime.
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Tesponse was observed-from-the”Ni4resistance”thermometer:at'

' ignition. When propane tests were Tun w1th the longer tube'

e_ﬂbundle, descrlbed ear11er 1n this chapter, a sharp r1se in
res1stance was observed at the point of 1gn1t1on. This.
1onger tube bundle was not. used in later tests becauSe of

the hlgh 1gn1t1on temperatures 1t measured

All of the cotton fabr1cs were pyrolyzed at a furnace

temperature_off360 C. The-temperature was selected because
according to Schwenker and.Pacsu [25],-in'their work om the
pyrolytlc degradat1on of cellulose, true pyroly51s was

found "to begln at 250 C and adJuged complete at. 360 C "

--'Estimation'ofZExperimental'Error.:'

Mass Fraction Determination

Estimates will now be givenlfor“the accuracyHOf the

measurements taken to determine the mass fraction of fuel.
;The floumetersfcan be read within an accuracy of
+2.5 SCCM for the air flbw-andl:Q.SHSCCM for_the'fuel; The
inlet temperatures'are known within +1°C for both flow-
meéters. When equation'(ll)bwas'partially differeﬁtiated,
_and'the aboueterror;estimates along with a'data poiﬁt:frOm
the FabriClA_cotton were'substituted into thegresulting_
equatiOn;:an estimate for tbe error in the value of the
_fuel mass fract1on was calculated to be 0.001 or +0. 0005.:

._gn1t1on Temperature

The centerllne chromel- alumel thermocouple in the

ignitiongtube can be read with an accuracy of +5°C,

S
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'CHAPTER VI ~ | S
- CONCLUSIONS AND RECOMMENDATIONS

~ The objective of'this-theeis"was to-&evelop an
apparatus and the experlmental techn1ques which will measure
the 1gn1t10n temperatures of pyrolysate a1r mlxtures as a
'functlon of the concentratlon of pyrolysate The Lower
Ignltlon Temperature and Concentratlon Apparatus (LITACA)
as descr1bed in this thesis meets this obJect1ve
p "The tasks of deslgn, constructlon,_and successful
testing have_been achleved LITACA can be used to:
'_(i) thermally decompose pyrolyzlng materials,
'“(ii)_store the pyrolysates, |
-(iii]'m1x pyrolysates with dry air at controlled
| :concentratlons, ) |
(iv) measure the mlnlmum 1gn1tlon temperature at
_fvarlous concentrat1ons of pyrolysate, and -
_(v) measure the.den51ty of.pyrolysate for molecular
.iweight-determinatiohs,. |
- It is:recommended'that further etudytbe.carried out
‘on LITACA to determine the effect of the quenching length
of the quartz tube bundle. 'The author'aleo believea that
'51nce 1gn1tlon ‘was not obtalned w1th the complete pyrolysate

comp051tlon, further ignition temperature studies should be
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carried out with the different component$ of-the’pYrolysis

- products.
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APPENDIX -
-SAMPLE”CALCULATIONS

Thls Appendlx contalns sample - calculatlons for a
data p01nt with GIRCFF No. 5..

_ The - follow1ng calculatlons were performed on test

data taken from 1gn1t10n experlments run on GIRCFF: No 5.

-Mo.leqular‘f}We_ig-ht' Cai'&:ulatio-ﬁe o

A sample of the ﬁyroiysate was taken from the down-

'_stream'eidelof:the cold trEp;' This sample'and glass balloon

container were placed in a preheated drying OVendfor-a
Perlod of two hours Af the'end'of.fhatVtime'the'temperature
1n51de the oven wWas measured and found to be 407 K. When |
the gas sample.was removed from the oven, the stopcock'was

opened and closed quiekly'to'ailow;the.pressﬁre of the

pyrolysate to assume barometric pressure. The barometric

pressure was measured on.a mercury barometer and found to
be 29.14 inches of Hg or 0.974Aatmospheree.__The volume_of
the.glassﬂbalioon-had been-previously defermined-to be.

0 1862 1iters A Christian Becker analytlcal balance was

used to weigh the gas sample Wthh was 0.1910 grams. _The

-den51ty of the gas sample-is_caloulated-from equation:(14):

_0.1910 _ ; sgq gTams
Pp = o.I739 1098 frger

e ——— i i L
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The molecular weight is-célculated from"eqUation (15):

o (1.098)(0.08205) (407) _ 5, , _ grams
:sMp K | 0.974 o | 3?T?_gram'm0 =

Mass Fraction Calculations

The flowmeters were set at the calibrated flowrates

of 130 SCCM for}aif and 22.7 SCCM for the pyroinate, and
ignition occured at a_centeriine ihermdcouple output of
30.80 mv which for a chromel-alumel thermocouple is 740°C.

The inlet iron-coﬂstaﬁtén'thérmocbuple at the flowmeters

measured 340.0°K for the pyrolysate and 304;55K for the dry

air, From_equation.(13j;

e (2040 312 L g oy

¥

and from eq.ué'tiqn (z), - -

Therefore, the_ﬁass'ffaCtion Xp of pyrolysate is,'froﬁ

equation (11):

1
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