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ABSTRACT

Published valuses of open and closed flash points have been
reviewed in the light of a theory developed, Differences are explained
in terms of the rate at which vapour diffuses from a liquid surface under
different conditions. It is conecluded that only the closed flash point
has any basic significance. '

Experimental measurements of the rate of spread of flame across
a liquid surface were made for a flame confined to a long parallel sided
channel, The effects of initial temperature, liquid depth and channel
width were determined. Liquids used were propanol, butanol, amyl
alechol and hexanol, It was found that the effects of liquid depth and
channel width were only important when the initial temperature was less
than the closed flash point.

Attention was concentrated on this region, in which preheating
of the liquid by the spreading flame is the mechanism which controls the
rate of spread. The temperature variations in a liquid wﬁile a flame
spreads across its surface were therefore measured. Qualitative ex-
planations of observed effects are given and a quantitative theory is
developed which expresses convective heat transfer effects in the liquid
in terms of an effective thermal conductivity., The mechanism of heat
transfer from the flame to the liquid is discussed. . ‘

For initial temperatures greater than the closed flash poiﬁt
the rate of spread of flame is not affected by heat transfer processes
in the liquid, Increasing the initial temperature, by increasing the
concentration of vapour, increases the rate of spread, When the vapour/
air mixture at the surface becomes stoichiometric no further increase
occurs, Maximm rates of spread measured were 3-5 times the laminar
burning velocity of the stoichiometric mixture,

Factors affecting the period between the ignition of a liquid
at a wick and the first spread of flame from the wick were also studied

experimentally,
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NOMENCLATURE

a limit of an integral
2b = width of strip heat source
dimensionless form of bj b = b/@ j%%

dimensionless form of by B = Coy.vb
calorific value of mixture or specific heat

a constant introduced in Chapter 53 Cl = TIPS

2Q

a constant introduced in Chapter 5; Cop= RS
2K,

a constant introduced in Chapter 53 CQz= c .
- EahD

a concentration of vapour which is a function of time and
position.
a concentration of vapour immediately above a liquid surface
diffusion coefficient )
constants in the expression Ce = exp ZTE + F.t;7
a function of x
the ratio of an effective thermal conductivity to a measured
thermal éonductivity
F, based on tho effective thermal conductivity in the x
direction
F, based on the effective thermal conductivity in the 2z
direction
stands in place of an integral
literature value of thermal conductivity
(Chaptor 2) PO

0
an effective thermal conductivity

values of K in the x,y,;z directions respectively.
the modified Bessel function of the second kind of order zero.

the distance between the liquid surface and a plane at which
a boundary condition is defined (Chapter 2)
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the distance between a surface and a plane at which a
boundary condition is defined (Chapter 5), hence liquid depth.

L, the distance between a flame front and the point on a liquid
surface where the first temperature rise occurs.

L the distance between the points on a liquid surface at which
the first temperature rise occurs and at which the temperature -
=T '

Lo.2 the value of L for which E:E& = 0,2

Te-Tr,
Lo.5 the value of L for which T-Ty = 0.5
_ Te-Ty,

L (in Chapter 2) temperature of liquid at t = o
rate of heating of liquid in flash point determination

n an integer, used to degcribe the general term of an infinite
series

N,0 oonptants in the expression lnpe m N.T + O

P(Orpe) vapour pressure of liquid at temperature T

Pg the partial pressure of a vapour in its stoichioﬁetric mixture
with air.

P atmosphoric prossuro

q,Q the heat flux from a heat source

+ (Chapter 2) time for which diffusion has been taking place

t (Chapter 3) measured time for flame to spread 26 cm.

t (Chapter 5) time for which heating has been taking place

t the time between the ignition of a liquid at a wick and the

induction first spread 6f flame from the wick.

T (Chapter 2) temperature of liquid at time %3 T = L + M,t.

T a variable temperature

Ty, boiling point range quoted by manufacturers for their products

Te measurcd temperature of liquid surface immediately below flame

front

mean value of T,



Tp closed flash point

Ty, initial temperature of liquid
Ty liquid temperature at whichp = pg
™ a critical temperature for flame propagation.

v (or rate of spread of flame, or velocity of moving heat source.
v flame)

v! a value of v corrected to a reference temperature,
Vase the velocity of a superimposed air current
vliquid the velocity of an artificially created liquid current.

x - a variable distance

dimensionless form of x5 ¥ = 32‘- J%.;’.

|

dimensionless form of x3 X = sz.vx

a variable distance; in Chapter 2, y denotes a height above a
liquid surface with the surface as the plane of origin.

% of a liquid boiling in the range Ty

a variable distances in Chapter 2, z denotes a distance from

the plane of origin when this is not the surface

o P4

[

dimengsionless form of z3 2 = sz.vz

L
Coge v [(z‘ - 1/2)2 + (21‘11 + 1/2 - Z)Q_Z‘
Coge v /(2 - 1/2)2 + (enl - 17, - 2)%7*

a variable temperature which is zero at ¥ = o (i.es © =T = Ty,

© gl §+N

and is a temperature rise)

Op -1y

9 (Chaptor 2) temperature at t = o )

O¢ (Chapter 2) closed flash point g also used as subscripts
) (Chapter 2) open flash point )
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CHAPTER _ONE

INTRODUCTION
lal, Generg; Intrqduction

The factors controlling the burning of liquids received
little systematic investigation until comparatively recently. Up
to 1939 the majority of the information available on the subject
was in the form of flash point data and, with a few isolated
exceptions, no attempts were made to arrive at an understanding of
the mechanisms involved in the burning of a liquid, By 1939 how-
ever, interest in fire research was growing and the outbreak of the
second world wer with the resultant enormous increase in fire
damage gave added importance and a new sense of urgency to this work.
During this period the emphasis was on investigating methods of
controlling fires but, as with any ad hoc research programme, it was
evident that these investigations would be more effective if com=
bined with an increasing knowledge of the mechanism of burning at
the free surface of a liquid, At the end of the war research on
these lines continued for it was clear that with the vastly in-
creased demand for petroleum products the problem of liquid fires
should not be undersstimated.

A different interest in the burning of liquids, which
was stimilated from comparative quiescence during the war and
which has developed considerably since then, arises from the use of
liquid fuels as a source of energy. The invention of the jet engine
and the ramjet engine together with the increasing use of oil fired
furnaces demanded an improved knowledge of the factors affecting
the rate of burning of a liquid.

While the problems of extinguishing a fire associated
with a stored liquid-and of maintaining a fire in association with
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a liquid fuel are diametrically opposed they both benefit from
contributions to our undersfanding of the transfer processes
involved, i.e., the transfer of matter from the liqnid surfaée %o
the reaction zone, and the transfer of heat from the reaction

zone to the liquid. Thus the work of Burgoyne, Cohen and Taylor
(1,2) on the propagation of flame through a suspengion of oil
droplets in air, which was carried out to determine the causes of
crank case explosions in marine engines, is also of interest in
relation to the burning of the spray of fuel from a nozzle in a
combustion chamber, It is of interest to note that much of the
information obtained so far on the burning of liquids depended
neither on advanced practical techniques nor on complicated
theoretical reasoning., A considerable amount of the valuable work
which laid the foundations of our present knowledge of the subject
could equally well have been carried out thirty years earlier. The
comparatively undeveloped state of the subject in 1939 say was due
therefore not to technical difficulties but to a lack of interest.

1,2, 'The burning of liquids in bulk

One of the first accounts of oxperimental work on the
burning of petroleum products was given by Hall (3) in 1925 and
although the problem was kept under review by the fire protection
officers of refineries not a gréat deal was published on this
subject until twenty years—later. Hall's work was directly
concerned with the causes of boilover in tank fires, boilover
being a description of the situation which sometimes occurs with.
fires of petroleum products when the product starts to foam with
sufficient.violence to carry liquid over the rim of the storage
tank. This work showed that the primary cause of boilover was the
formation of steam from water which was present in a layer at the
bottom of the tank but that this formation of steam could only

take place if the phenomenon doscribed as 'heat wave! formation
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occurred, The existence of this 'heat wave' (now known as hot
zone) was deduced from thermocouple records, These showed that
at a point in the oil the temperature remained constant for some
time after ignition, then rose rapidly, then became constant again.
The time at which the rapid rise occurred was a linear function of
depth. Thus when oils of a certain type are burning two zones are
formed - a hot zone and a cold zone - between which a well defined
bourdary exists, and in each zone the temperature varies little with
depth. The boundary between these zones moves downwards at an
approximately constant rate which 1s several times greater than
the rate at which the surface moves. If the hot zone reaches a
water layer at the bottom of the tank steam is produced which may
produce foaming in the oil and boilover may occur.

Further evidence showed that the formation of a hot
zone only occurs in products having a wide range of boiling
pointss; it does not occur with a pure substance for instance,
Hot zone formation is caused by the large difforences in
volatility and latent heat between the various components of a
product with a wilde boiling range., When ignition of such an oil
occurs the lighter more vgatile components are distilled off at
the surface and burned leaving bshind a layer of hot heavy ends,
Because of its high temperature this layer continues to float on the
cold oil; heat transfer from the hot zone to the cold oil has the
effect of distilling off more light ends from the cold oil and in
their passage to the surface these vapours stir the hot zone thus
maintaining it at a uniform high temperature. Thus as the bodbary
of the hot zone passes down through the oil, the oil'is progressively
stripped of its most volatile components., When this stripping is
complete l.e. when the hét zone has spread through all the oil,
a second hot zone may be formed in a similar way.

These findings of Hall's were confirmed by Burgoyne and
- Katan (4) who were concerned with evolving the most effective ways

of fighting fires in petroleum storage tanks., By experiments on
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both hot zone forming and non hot zone forming oils they showed
that the injection of air at the base of the storage tank aids fire
fighting by agitating the liquid and reducing the temperature of
the surface. This effect is more important with hot zone forming
oils because it reduces the risk of boilover when fire fighting
foams are applied to the surface. |

Similar findings were reported by Pavlov and Khovanova
(5) in 1953 but this paper seems merely to confirm Hall's findings
and not to present anything new, |

Many other measurements of burning rate and temperature
distributions have been reported, mainly for non hot zone forming
substances, and theoretical treatments for thcse quantities have
been suggested., One such theoretical temperature distribution has
been given by .Khudyakov (6) who by considering only heat transfer
by conduction in the liquid and taking a steady state temperature
distribution relative to the moving surface obtained the expression

t-to=ce B here t is the temperature at a point x on a

ts- to

stationary system of axes, ts is the surface temperature, tg is

the initial temperature and X is a constant. The manner in which
the equation was derived shows that K = (R€) where v is the rate
of burning of the liquid surface and g4 is the thermal diffusity.
The experimental section of this paper shows that the temperature
gradients can be expressed in the form given but that there are
considerable differences between experimental and calculated values
for k. Thesé differences are attributed to the effects of radiation
from the flame and to the hot zone phenomenon referred to above.

A similar approach was used by Reid (7) to the problem of
the steady temperature distribution in a semi-infinite liquid. He
again assumes that there is no convective heat transfer in the
liquid but he includes a term of the form Aa exp / - a (x=1)_/
in his differential equation to include the effects of heat transfer

by radiation into the liquid, This form for the temperature
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distribution was checked by Hildenbrand and Whitaker (8) who
carried out measurements on burning liquid nitrate esters. They
found that Reid's suggested distribution gave fair agreement with
their experimental results.

A comprehensive study of fires in liquids was made by
Rasbash and Rogowski (9) who studied alcohol, petrol, benzole and
‘kerosine fires in a vessel 30 cn. in diameter. As well as
studying the changes occurring in the liquid, i.e. temperature
distributions, rates of burning, and changes in composition, they
studied the temperature, dimensions, upward velocity and emissivity |
of the flames. They describe different appearances of the flame
and its relation to the liquid surface, From the experimental
results it was deduced that with alcohol fires heat transfer to
the liquid was mainly by conduction whereas for the others it was
mainly by radiation. This difference was thought to be a cause of
the different appearances of the flames. A further point of
interest in this paper is in the use of a result of Spaldings (10)
(see 1.3) to obtain a semi-theoretical value for the burning rate
in an alcohol fire. Alcochol was chosen as being more appropriate
because of the small contribution of radiation to the total heat
transfer, The authors showed that there was a good measure of
agreemsnt between the theoretical and calculated valuss.

Similar measurements, although not on such a comprehensive
scals, were made by Krueger and Radusch (11) on ethanol and gasoline
fires. They found that the liquid burning rate was markedly in-
creased by air movements but that the temperature distribution was
not affected to the same extent. With gasoline the burning rate
decreased with time; the maximum burning rate increased with tank
diameter (in the range 12-30 cm.) Temperature measurements showed
that the temperature falls off rapidly below the surface of the
liquid even after long burning times. This is in contrast to the
behaviour of hot zone forming substances.

A different approach to the problem of burning liquids is
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described by Faure and Pugnet (12) who wished to determine the
distribution of pressure, termperature and vgocity resulting from
the convection currcnts associated with large surface fires.
Experimental results were obtained for the distributions of these
quantities above heated flat plates and above liquid fires, In
each case the heat source was 50 cm. in diameter. The paper in-
cludes a theoretical consideration of natural convection, based on
the work of Chia~Shun-Yih (13), which gives the distribution of
velocity and temperature in a semi-infinite medium sbove a point
source of heat., Although no agreement between the experimental
results and the theoretical predictions was reported it is of
interest to note the use of this somewhat unusual approach to the
problem of liquid fires. A considerable body of data on the
burning of liquids at a freec surface now exists; it seems likely
that a greater understanding of the problem now depends as much on
the use of new approaches to explain existing data as on the com-
pilation of fresh data.

. A remarkably wide range of sizes of vessel was used in
experiments described by Blinov and Khudyakov (14). These oxperi-
ments, on burning rates and flame heights, were carried out in
vessels ranging in size from 0,37 cm. diameter to 22.9 meters
diameter. This work demonstrates the danger of basing conclusions
on results obtained over a small range of vessel diameters because
three regimes of behaviour are clearly established viz. laminar,
transition, and turbulent. For example, the work of Krueger and
Radusch referred to above was all conducted in the transition
region. For all the oils tested by Blinov and Khudyakov the
relationship between rate of burning and pan diameter was substan-
tially the same. At first the rate of burning decreases with.iﬁ-
creasing vessel diameter, the product of the two remaining approx-
imabtely constant. This ié described as the laminar flow regime and

corresponds to a Reynolds number of less than 20 (based on the
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properties of the cold vapour). For vessel diameters between

6 cm, and 40 cm, the rate of burning passes through a minimum,
increases, and then levels off to a constant value with increas-
ing vessel diameter., This is described as a transition region;

it corresponds to Reynolds numbers of 20 to 500. For greater
vessel dlameters the burning rate is independent of vessel diameter
and burning is described as turbulent. In a review of this article
(15) Hottel suggests a simplified semiquantitative analysis of the
heat transfer from the flame to the liquid; he shows that if heat
transfer from the veossel rim, from the flame by convection, and’
from the flame by radiation are considered then an expression can
be obtained with the same relationship between burning rate and
vessel diameter as is observed experimentally.

This article is therefore of considerable value. in
 differentiating between the various types of behaviour which may
be encountersd with 11qu1d fires and contains useful 1nformatlon
on burning rates and flame lengths.

Further work on the burning of liquids has been con-
cerned more directly with the extinetion of fires above liquids.,
Thus work has been done on the effect of water sprays on liquid
fires and the effect of inert substances on such fires, This work
while of undoubted value in its relation to fire fighting
techniques is not of such direct interest to a study of the factors

controlling the burning of liquids.

1.3 The burning of liguids as fuels

o When considering the design of a combustion chamber the
behaviour of liquid fuels when burning as droplets is often of
great importance, Many fundamental studies have been carried out
of both freely moving and suspended droplets either alone or in the
presence of other droplets. One such study, by Godsave(16), gave
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experimental results for the rate of burning and drop life of
single droplets suspended on a fine silica filament together with
a theoretical expression for the mass Burning rate of a droplet
in terms of the geometry and physical properties of the system,
In common with several other studies however this treatment is
gspecific to the burning of droplets and no attempt is made to
render the theory general.

A general theory of liguid fuel burning has been
developed by Spalding (10) (17); because of its general nature
and the fact that it can be used in,the analysis of liquid fires
in bulk, this theory will be considefed here in some detail, The
theory is developed by writing down the material balance equations
for each component togother with a heat balance equation and
applying boundary conditions appropriate to heterogenous combustion.
By assuming equality between the thermal and molecular diffusivi—
ties the equations can be written in a common form involving a
dimensionless variable as also can the boundary conditions. This
dimensionless variable (b) then represents either temperature or
concentration., In general, when considering the combustion of a
liguid fuel, it is required to know the mass transfer rate of fuel
at the surface of the fuel., Since the equation to be solved is a
second order one two boundary conditions are needed and the most
convenient ones will usually be the values of b at the surface of
the fuel and at infinity in the gas stream, i.,e. bg and bge With
this information, no attempt is made to solve the differential
equation it is simply stated that the mass transfer rate at the
surface is controlled by the difference (bg - bg) since this
difference determines the gradient at the surface. This difference
is then described as the transfer number, B = bg - bg, which may be
considered as a non-dimensional driving force for mass transfer.

There is a different form of this transfer number for

each chemical element involved and one for the heat balance,
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All of these forms however must give the same value for
B and the choice of a form to use is therefore dictated by the
information available.

In addition to the transfer number the mass transfer
rate is affected by the geometry of the system and by the gas flow
conditions, Expressions for this rate are given by Spalding for
a number of special cases and a general method for predicting mass
transfer rates is given based on analogy with heat transfer. By
use of the 'stagnant film' theory it can be shown that

E;nxliB) = Nu where m" = mass t?ansfer rate/unit area; x = a

txpical dimension ¢ and k are properties of the gas; B is the
transfer number and Nu is the Nusselt number calculated from
heat transfer data for a corresponding system using values of
the Réynolds number or Grashof number based on the data of the
problem,

The results of a considerable amount of experimental work
wore considered in the light of this theory bf Spalding who found
that good agreement existed between predicted burning rates and
experimental rates. However the value of the theory lies as much
in the light which it sheds on the possible effects of changing
the conditions under which combustion is taking place as in the
accurate prediction of burning rates,

1.4, The spread of flame 201088 4 liquid surface

The interest in this topic lies not in the possibility
of directly applying any information gained as a result of a study -
of it to a particular problem but rather in the light which such
information sheds upon the interaction between a flame and a liquid
surface in general, The only previous investigation of this topic
of which any report was found in the literature was conducted by
T.Kinbara; details of this work were published in a series of
elght papers between 1930 and 1942. Of these papers seven were
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published in Japanese together with abstracts in English
(18-24) while the eighth (25)was published in English,

Kinbaras work consisted mainly of determining the rate
of spread/tempefature curves for eight organic liquids and for
various mixtures of two inflammable liquids and of one inflammable
liquid with water, The liquids were burned in a brass vessel and
the flames progress was observed photographically.

The rate of spread/temperature curves are considered in
three parts corresponding to three different states of the liquid.,
In the first part the vclocity increases very slowly with
temperature corresponding to the state where the vapour pressure
of the liquid is insufficient to provide a combustible mixture and
~ the liquid must be preheated by the flame before propagation can
occur., In the second part the velocity increases rapidly with
temperature to o maximum value and in the third partjéfter attain-
ing its maximum velocity, a gradual decrease in the velocity takes
place. These latter parts correspond to the combustion of the air
and the vapour of the liquid without preheating but in the third
part an insufficiency of oxygen exists,

Kinbara's interest was centred on the two higher
temperature regions and very fow of his measurements were made in
the lower temperature region. As a result of this he came to the
conclusion that the rate of spread was independent of the width
of the chennel along which this flame was propagating provided that
this width exceeded 1.5 cm, and also that the rate of spread was
independent of the depth of the liquid for depths greater than
0.05 cm,

The temperature corresponding to the maximum velocity
was found by Kinbara to be a temperature of the liquid having a
vapour pressure close to that of the stolchiometric mixture with
air, This also held for the mixtures of inflammable ligquids with

water. For increasing concentrations of water, the temperature of
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maximum rate of spread increased in such a way that the partial
pressure of the inflammable compoﬁent romained constant. The
maximim rate of spread however decreased with increasing concen-
tration of water.

In addition to these measurements Kinbara also studied
the effect of covering the combustion vessel and of inducing air
currents across the surface of the liquid. His papers contain
mainly quantitative descriptions of this work and do not contain
any definite conclusions. Two of the papers deal with the com-
bustion of benzene; they contain photographs of the various types
of flame structure observed and descriptions of the photographs,
One of the structures observed is compared with that obtained with
gaseous mixbtures of benzene and air in a tube,

In reference (24) a method is described for determining
the variation in composition in the vapour above a liquid surface
by determining the changes in refractive index, Kinbara carried
out several sets of measurements using this method and found that
in his circumstances the partial pressure of vapour in the air fell
off linearly from its eguilibrium vapour pressure at the surface
to approximately 10% of this value 3 cm. from the surface and then
to zero 5 cm, from the surface, This type of variation was found
in each case. It is not possible to say quite what his experi-
mental circumstances were as this paper is in Japanese and no
English abstract is aveileble,

In the light of this past work by T, kinbara it was
decided that the emphasig in the present investigation should be
on the low tempefature region, with a view to elucidating the
mechanisms which control the rate of spread of flame when pre-
heating must occur, but that sufficient experimental work should
be conducted with higher liquid temperatures to check the main

conclusions of Kinbara.



CHAPTER__TWO

SOME _PROPERTIES OF INFLAMMABIE LIQUIDS

Re.l. Introduction

During the investigation into the factors affecting
the raté of spread of flame across a liquid surface, it was con-
sidered desirable to review critically the information available
on those properties of inflammable liquids which might be relevant
to the investigation. Factors considered for each property were
the method of its determination, the underlying physical signifi-
cence of the property, and the way in which variations in the
property might affect the spread of flame across a liquid surface.
The properties which were studied were the closed flash point, the
open flash point and the fire point end each of these will be

discussed in turn.

2.2, The Closed Flash Point

Methods of determining the closed flash point differ
little in prineciple. In each method a quantity of 1iquid is heated
in a standard closed cup at such a rate that its temperature
changes in a standard msnner, and a sourcé of ignition is applied
at standard intervals., The closed flash point is considered to be
that temperature at which a flash is first observed to spread
through the vapour above the liquid.,

The physical significance of this type of measurement is
clear. The temperature recorded is that temperature of the liquid
surface, which coincides in time with the vapour above the liquid
surface becoming inflammable at the height of the igniting source,
Thus there will always be a delay between the vepour becoming
inflammable at the liquid surface and the observation of the flash
point due to the separation of the igniting source from the surface.
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Although stirring of the vapour phase will reduce this delay it
will not eliminate it. The magnitude of this delay is discussed
in more detail below (2.4.2). ‘

The significance of the closed flash has been discussed
by Burgoyne and Williams-Leir (26) who mentioned the existence of
an error due to the finite rabe at which diffusion occurs and
therefore considered an ideal closed flash point. They concluded
that at an ideal closed flash point 8¢ the equilibrium vapour
pressure of the liquid P@e is equal to the lower limit of in-
flammability of the vapour in air (y%) mltiplied by the atmos-

pheric pressure (P) i.e. POc = 1%3' P.

In this paper values of the closed flash point for
différent liquids calculated from their vapour pressure/temperature
curves and lower limit of inflammability data were compared with
experimentally determined values., It was observed that the
calculated and experimental values were usually of the same order
and in general the calculated values were lower. This difference
can be accounted for by considering the effect of diffusion from

the surface to the igniting source (see 2.4.2.)

2+3. The Open Flash Point

In the previous section criticisms were advanced against
existing methods of making closed flash point determinationsand
reasons were given for these criticisms. In the present section it
is hoped to demonstrate the validity of such criticisms by applying
similar reasoning to open flash point determinations, translating
this reasoning into mathematical form and using the resulting

cquation to analyse published experimental values for open flash

points.
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23+ La Methods of Determination

In the handbook on standard testing methods published
by the Institute of Petroleum (27) two methods are given for deter-
mining the open flash point of a liquid, These methods are known
as the Cleveland Open Cup method and the Pensky-~Martens Open Flash
Point method; in most respects they are alike and they will be
described only in broad outline. In each case dimensions are
given for the liquid container, which is to have vertical sides and
is to be open to the atmosphers, and it is specified that the
liquid shall be heated at the rate of 9-11°F/min, Mention is made
of the need for adequate screening round the vessel for stray
draughts would render the results unreliable, In the Cleveland
method a pilot flame is swept across the mouth of the cup at pres-
cribed intervals whereas in the Pensky-Martens method a pilot flame
is fixed above the liguid surface. The temperature of the liquid is
recorded when s flash travels through the vapour from the pilot
flame and this temperature is called the open flash point. From
the point of view of the results obtained the most important
difference between the two methods is the distance between the pilot
flame and the liquid surface. In the Cleveland method the flame is
swept in a plane #" above the liquid surface whercas in the Pensky
Martens method the flame is fixed %" above the liquid surface, In
each case the flame is approximately on a level with the rim of the

cup.

2e3alse Theoretical considerations

For the purposes of this analysis the open flash point
will be defined as "the temperature of a ligquid surface when the
vapour at a prescribed height above the surface becomes inflammable,
the ligquid having been heated in a prescribed way", In other words
the open flash point occurs when the concentration of vapour at the
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appropriate height is equal to the lower inflammability limit,
It is this approach which will now be put to the test.

In Case I of the Appendix an expression is derived
whereby the concentration of inflammable component in the vapour
phase can be calculated at any height and at any time during an
open flash point determination. An important assumption in the
derivation is that the vapour is diffusing to infinity in an
undisturbed manner i,e, that the vessel is perfectly shielded from
draughts. This expression is:~

- - |F,

= 3 /6~ /oy e (T, - JF ) /05 arso(gly, + [ 7
- (207)

The valne of the ratio o E- 1s plotted as a function of the two

Ce

dimensionless groups ( Y ) and (JFt) in Fig 2.1,

5t

The significance of the symbols in equation (2.7) is as
follows:=~ '

CA = concentration of diffusing vapour at a height y after t seconds,
Ce = concentration of diffusing vapour at the liquid surface after
t seconds.
D = diffusion coefficient of vapour in air,
¥ = height above the liquid surface.
t = time for which diffusion has been taking place.
F = a measure of the way in which Cg varies with time thus

= gxp (E + Ft),

By means of equation (2.7) it is possible to caleulate
the theoretical concentration of vapour at the heilght of the ig~
niting source at the open flash point of any liquid for which the
vapour pressure/temperature relationship and the diffusion
coefficient of the vapour in air are known, If the assumptions
concerning the significance of the open flash point which were made
above are valid then this concentration should be equal to that
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of the lowest limit mixture, As discussed above this latter
concentration may be calculated from the closed flash point, to a
good epproximation. ‘

In order that the validity of equation (2,7) might be
checked a literature survey was made, This survey revealed
thirteen substances (Table 2,1) for which the following information
was available:- vapour pressure/temperature data (28), diffusion
coefficient (29), open nnd closed flash points(30)(31); and a
further twenty four substances (Table 2.2) for which only the
flash point data and vapour pressure/temperature data were available.

It is important to note that in no case was it stated
which method was used for determining the open flash point,

For each of the thirteen substances in Table 2,1 the
following series of operations was carried out:-

(1) it was assumed that the determination of the open.
flash point was made by the Cleveland method, i.e, with the ig-
niting source " above the liquid surface.

(ii) it was assumed that heating was started at 20°C and
the time required to ralse the liquid to its open flash point at a
heating rate of 90E/min. was calculated,

(iii) A value for F was calculated using the vapour
pressure/temperature data for the liguid,

" (4v) The vapour pressure of the liquid at its.open flash
point was recorded, _

(v) Values of y = g, t from (ii), F from (iii), C, from
(iv) and D were substituted into equation (2,7) to give Gy the con-
contration of vapour at the height of the igniting source,

These calculated values of Cy are given in colum four of
Teble 2.1 It will be noted that for the first seven substances
listed in Table 2,1 the values of G, caleulated with y = &% agree
closely with the values given in colwm two for the concentration
of wvapour at the closed flash point. For the remaining six
substances however the calculated value is consistently too high,
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The calculations were repeated fér these six substances with

¥ = Z", i,0, assuming that the determinations had been made by
the Pensky-Martens method, and these values are given in column
five of Table 2,1. It can be scen that these values are very mich
closer to the experimental values given in colum two,

These calculations may therefore be taken to indicate
that equation (2,7) gives a good indication of the changing con-
ditions during an open flash point determination and that the
concentration of vapour at the height of the igniting source when .
the flash is observed is equal to the concentration of vapour at
the closed flash point,

TABIE 2,1

(the units of colums 2-5 are mm.Hg.)

Substance Péc P31.1. P(Q&»::%" ﬁ =z @%)Y“-‘%" é)y"%"
p~iso-pentanol 10.6 9,11 10.3 0.75
ter-pentanol 11.5 9.1 9.7 0.65

acetic acid - 31.8] 30.4| 32,0 0.83

xylene 4,2 ' 4,1 0.70

ethyl benzene 5.5 6.0 0.67
n-amyl acetate 3.7 3.1 0.70

ethyl butyrate ¥, 0] - | 15.8 0.78
e NS S s o Yr‘r,4 rempmiremeymrsid it o il
a-propanol 10,6 ] 163 | 20,2} 143} 0.79 ) 0.55
iso butanol 14.5 | 12,9 | 25,4 182 0,78 | 0.57
n-pentanol 6.2 9,11 12.9 9.11 0,71} 0,54
n-butanol 8.2 | 12.9 | 18.9 | 12,6 | 0.80 | 0,54
iso-amyl acetate 5.4 10.1 5.6 | 0,781 0.52
butyl acetate 6.9 10.1 6.7 1 0.74 1 0.49
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Further information of vonsiderable value may 56 ob-.
tained from Table 2.1, A study of colums six and seven reveals
that the value of the rati@ {T at a particular height is approxi-
mately the same for each Iiquid. If these concentrations are
expressed in terms of partial pressuraes this _'may be written
%?.2 = K vhere PRy = vapour pressure at the closed flash point,

%o P@s = vapour pressure at the gpen flash point and K is a
constant the magnitude of which depends on the apparatus used for
the determination. In order to investigate the applicability of
this simplification the yalue of the ratio CA was calculated for
the tweniy four liquids'mentionad above, Thcege results are given

in Table 2,2,
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TARIE 2.2,
GROUP I K >0.62 "GROUP II K< 0.62
Substence Pos | P | k20| substance | Poc | Peo | Ko
Peo ¢ Péy
Octyl Methyl
acetate 20 25 | 0.80 aniline 12 20 0.60
Methyl cello- Maleic
solve acetatel 25 31| 0.80 anhydridel 27 45 0.60
Phenol 14 18 | 0.78 Cellosolve} 13,8} 22,7 | 0.60
Glycol 2.6| 3,4f 0,76 | Nitro- |
methane 54 91 0.59
Mothyl
Salicylate 13 17 | 0,76 Dibutyl
phthalate| 2.1| 3.6 | 0.58
Tetralin 9] 12| 0.75
Benzalde-
Benzyl hyde 11 19 0.58
Alcohol NR 19t 0,74
‘ Nitro-
Acetic ethane 25 45 0.56
anhydride 19.91 27,4} 0,73
Dimethyl ‘
CarbitOl 15 21 0.72 aniline 703 14: 0052
Dichloro- 19 28 | 0,68 Dimethyl
benzene phthalate 9 18 0.50
Nabﬁthalene 7.4 11 | 0,68 Glycerol " 14 0,50
Cymene 46 | 10,5 | 0.44
Stearic
acid 2.8 7 0.40
diethylene
glycol
‘monobutyly L.7{ 4.7} 0,37
gther
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48 can be seen from Table 2,2, these additional experi~
mental values of the ratio K’= PO lie in two groups with ranges
0.37 - 0.60 and 0.68 - 0,80. Po it first gight it would appear
that the difference between these two groups corresponds to the
difference in value of the theoretical ratio for the two different
methods of determination.

In order to gain further information on this point a
simple statistical test was applied to the data. Four sets of
values of K exist viz. (i) experimental, K>0,62 (18 substances);
(ii) experimental, K<0.62 (19); (iii) theoretical y=§" (13);

(iv) theoretical, y=§" (6). "Students" t test (32) was used to
test the null hypothesis that each of these four groups were
samples drawn at random from the same universe. This test showed
that the differences between groups (i) and (ii) and between (1)
and (iv) are highly significant, It showed also that the
differences botween groups (i) and (iii) and between groups (ii)
and (iv) are not significant.

These results were taken as further evidence in favour
of the proposition that experimental results'for open flash points
fall into one of two groups depending on the method used and that
‘these‘experimental results can be predicted_by means of the ex-
pression P9 - K, with a roasonable degree 6f'accﬁracy. For a
Cleveland  determination the mean value of K found was 0,75, and
for a Pensky-Martens determination the mean value was K = 0,53, |
Moreover these two groups of experimental results correspond closely
with the different values of the theoretical ratio Uk calculated
for y=§" and y=%", namely 0.74 and 0.53 respectivelg?
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72.3.3. The varistion of cpen flash point with the helight of

the ipniting source

In the previous section it was demonstrated that
theoretically the value obtained for an open flash point will
depend on the height of the igniting source, and certain con-
clusions were reached as a result of this. In order that this
might be confirmed experimentally, an investigation was carried
out in the Chemical Engineering Department of Imperial College by
Mr.'J.L;A‘ filexander. This work has been reported fully else-
where (33).

~ The experimental work which concerns the present dis-
cussion was carried out in a Pensky Martens Open Flash Point
Apparatus with the following three major modifications:-

(i) the source of ignition was changed from a pilot
flame to a spark discharge.

(ii) the height of the electrodes from the surface was
made adjustable over the range 0-1.5 inches,

(1ii) the cup was further protected from draughts by the
additicn of a sleeve, the upper rim of which was 2" above the
surface of the liquid., ,

The two most important sets of results obtained with
this apparatus by Alexander are shown in Fig 2.3 and 2.4, They

~show the variation in Open Flash Point with the height of the
igniting source‘for n~hexanol and carbitol respectively.
Theoretical predictions of Open Flash Point

By means of equation (2.7) it is possible to find the

concentration of vapour at a given height after a given time of
heating. It is more difficult to reverse the process and cal-
culate the time of heating necessary to give a particular concen-
tration at that height, that is to say to carry out the calcula-.
tion necessary for the prodiction of the Open: Flash Point.
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Either a graphical or an approximate numerical method must be
used, The first few values obtained by graphical means showed
that in the regions of interest the ratio CJ‘- was independent of
temperature, The reason for this bocame apparent when aqua.tlon
(2.7) was replotted as CA = f [/ (JFE), (F.y)] - Fig, 2.2,

This graph shows that ag JFt increases GA tends to a value of

JF Y and having confirmed that thisceregion was the appropriate

one to use it was assumed that Cy . , ~ f— ¥ - (2.7B)

. Ce
At the open flash point then g%& =g ]—%—'y or In pgq+ ]g.y = lnpg,
o

Now the time of heating t = In POy~ In pgy = In pg,~ lnpg,+ J—%T.y

F

/Jn (Pocte,p

where t' = time to heat to ®q the closed flash point

© =@ + Mt 3 @c = @1 * Mp?

Q _%M’9-0|
e anF907 P&1)D 4

=0, +y M(@c - ©1) - (2.7c)
(In Pep-1n P&y) D

Thus from (2.7¢) the open flash point should be a linear function
of the height of the igniting source,
For n-hexanol s~ B, = 145°F; M = 10°%/min,; D= 0.05920111 /sec.

@: = 70°F (say); P@e = 13,5mm Hg.; Per = 1 mm Hg,

. B0 =145+ y 9_:1'2@___
| J 0.0591n 13.5

145 + 9,1 y where y is in cm,

H)

it



23.

This line, and a simllar line for carbitol, were drawn
on Fig, 2.3 and 2.4.

A comparison between these lines and the eiperimental
lines shows two things élearly:

i) wvalues of the open flash point predicted by theory are con-
sistently tooAlow.

ii} they do not increase at an increasing rate as do the practical
values,

It wag therefore concluded that the boundary conditions
used in solving Case I in the Appendix were too simple, In spite
of the additional shielding of the cup from draughts and the fact
that the determinations were made in a closed fume cupbcard it was
made unmistakably clear that the assumption that diffusion took
place in an undisturbed manner from the liquid sufface to infinity
was hot justified, A fresh solution of the differential equation
was therefore obtained by assuming that disturbing effects reduced
the concentration of vapour to zero at a distance 1 from the liquid
surface, This solution is given as Case 4 in the Appendix,

This modified solution was used to predict values for
the open flash point firstly with 1 = 2" i,e, assuming that the
vapour concentration was reduced to zero at the rim of the cup,
and secondly with 1 = 13", These fresh predictions are again
plotted on Figs2.3 and 2.4. It can be geen that the theoretical
curves are now of the same form'as the experimental curves and
that in each case the curve with 1 = 13" corresponds almost exactly
with the experimental curve, This demonstrates how vulnerable an
open flash point determination is to disturbing effects even

under the most carefully controlled experimental conditions,

2,4. Discussion

2.4.le. The fire point

This property has not been discussed previously for
two reasons, Firstly, there is an almost complete lack of experi-
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mental data e¢oncerning it and it is not thorefore possible to test
the validity of any theories concerning it; secondly, because it
is a different type of property from a flash point. In principle
the fire point is the minimum temperature of a liguid at which the
rate of evaporation is sufficient to maintain a flame above the
liquid, Present methods of determining the fire point probably give
too low a value for this quantity because their ctiterion for
determining the fire point is that the liquid shall have been
heatcd to its fire poiht before the flame is extinguished rather
than that the 1iquid shall be at its fire point when the vapour is
ignited,

A method based on igniting the liquid and then cooling it
until-the flame is extinguished and recording the temperature at
which extinction occurs would seem to offer more scope for a

systematic analysis,

2+4.2, The closed flash point

In case IIT of the fppendix to this chapter an expression
is derived, (equation 2,14) whoroby the difference between the
closed flash point as moasured and the true cloged flash point c¢an
be calculated for the case where thers is ne disturbance of the
vapour phase. Substituting the data for hexanol into this expression
gives a walue of gﬁ = 0,82 for an experimental closed flash point
of 145°F, If it is assumed that 0p is the equilibrium concentration
at the true closed flash point (as defined by Burgoyne and Williams-
Leir) and Ce is the equilibrium concentration at the experimental
closed flash point then, for g% = 0.82, the value of the true
closed flash point would be 140°F, An expression for the case
where the vapour is stirred has been derived (34) by assuming that
stirring is perfect in the vapour phase except for a surface film
in which the resistance to mass transfer is concentrated, Ainy
numorical values used for the thickness of this £ilm would be

arbitrary however and no numerical solution will be given,
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When any physical property of a substance is measured it
is important that the nature of the property be understood for such
an understanding will enable a closer approach to the true value
of the property to be made. It would seem that when present
methods for determining flash points were developed the physical
significance of the flash point was but imperfectly understood be-
cause these methods give results which are controlled by two
factors viz:~- the true closed flash point of the substance under
test and the rate of diffusion of vapour from the liquid surface
to the ignitihg source,

The true closed flash point as defined by Burgoyne and
Williams-Leir (loc.cit) is a fundamental physical property of an
inflammable substance (insofar as the lower limit of inflammability
may be regarded as fundamental), Values of the flash point
determined by existing I.P, methods give a value higher than the
true closed flash point because the concentration of vapour at
the surface is changing continuously and there is a finite delay
before the effect of any change can be observed at the height
of the igniting source., The magnitude of the delay between the
vapour at the surface becoming inflammable and the vapour at the
igniting source becoming inflammable will be governed by the
diffusivity of the vapour in air, the separation of the igniting
source from the surface and by whether or not the vessel is closed.

The differences between the true and the experimental
values of closed flash point are in general less than 5°C (26)
(35) and a possible explanation of these differences has been
advanced sbove by reference to theoretical diffusion rates., The
I1.P. methods therefore give a value for the closed flash point
which is fairly close to the true value and they are reasonably
convenient to use for liquids with flash points greater than
room temperature. An account of the difficulties which arise
when adepting this method for use with liquids whose flash points
are below room temperature (e.g. petrol, acetone, ether) has

been given by Dawson (35)
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A continuous fiow method for determining flash points
has been described in a United States Bureau of Mines report (36),
In this method air is bubbled through a liquid contained in a
glass vessel and a spark is passed through the air as a source of
ignition, The glass vessel is contained in a thermostat bath
the temperature of which is increased until the spark ignites
the air/vapour mixture, By suitable design conditions can be
achiéved whereby the air bubbles leaving the liquid are very .
nearly saturated with vapour at the temperature of the liquid,
This flow method enables the true flash point to be approached
more closely in practice than the unsteady state methods at
present in use, Moreover it can be used very conveniently at low -
temperature if a suitable freezing mixture is available,

2.4.3, Open Flash Points

A review of published data shows that the difference
between open and closed flash points may be anything up to 20
" and it has been shown that the magnitude of observed differences
is consistent with the view that the differences were caused by
diffusion effects., These differences would not be important if
it could be established that an open flash point determination
measured & physical property which differed in some fundamental
or practical way from the closed flash point, In fact the
evidence points the other way to the conclusion that an open

flash point determination measures nothing new - rather it
measures a temperature which is arbitrarily related to the closed
flash point., The amount by which the open flash point of a
liquid exceeds the closed flash point can be varied at will by
changing the distance between the igniting source and the liguid
surface, It would be possible to construct an open flash point
apparatus in which no flash would be observed until the liquid

has reached its boiling point, .
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Attempts have been made to justify the use of the open
flash point by claiming that it gives a better indication of the
hazards involved in storing liquids in open vessels., It is not
difficult to see that such an attitude can be dangerously nmis-
leading, If the temperature of a.liquid exceeds its true closed
flash point then the concentration of vapour near the surface
exceeds the lower limit of inflammability. Therefore, regardless
of the fact thalt the concentrétion of vapour six inches above the
surface may not lie within the inflammable range, the vapour may
still be ignited near the surface. The assumption that when a
liquid is stored in the open the critical temperature, with
respect to ignitibility of its vapour, is the open flash point is
not therefore valid and a belief in it may Iull one into a false
senee of security.

In conclusion then, let it be said that both open and
closed flash point determinations are revealed as attempts to
measure the true closed flash point on to which are. superimposed
intrinsic errors due to the finite rate at which diffusion occurs
and the lack of equilibrium in the system. However, while the
- closed flash point method gives an approximation to the true
closed flash point which is sufficiently good for all save the
most exacting circumstances, the open flash point method gives
a result so much in excess of the required value that it can be
dangerously misleading. In these circumstances there seems
little point in continuing to make determination by the latter
method.
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Appendix to Chapter Two

The variation in concentration of vapour above a liquid

surface with height and time



29.

4 list of the symbols used in the Appendix

time for which diffusion has been taking place.

height above the surface, surface as plane of origin.
distance from plane of origin when this is not the surface.
distance between plane of origin and surface in the latter

b N o
i

case.
Cq = concentration of diffusing vapour at a height y after time t
Ce = concentration of diffusing vapour at liquid surface.

L
M
T
N,0 = constants in the expression lnpg = N.T + 0O

temperature of ligquid at t = o.
rate of heating of liquid
temperature of liquid at time t =L + Mt

Pe = vapour pressure of liguid at temperature T
E,F = constants in the expression Gy = exp [~E.+ F.t_7

E = N.L + 0 (dimensionless); F = N.M (dimensions, time )
when p, and Ceg are in the same units.
F = In (Pe2/Pe;)

(T2-T1)/M,
diffusion coefficient,

()
it
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It is possible, by reference to mass transfer theory,
to set up differential equations describing the variations in
concentration of a substance 4 in a vapour phase when it is
evaporating from a ligquid surface and diffusing through that
vapour phase. These equations.are solved below for four special
cases after certain limiting‘assumptibns‘have been made. The
main limiting assumptions are:=~ .

i) that the solutions deal only with the one-dimensional flow of
mass from an infinite liquid surface.

11) that mass transfer is by diffusion only, disturbing effects
being ignored. ‘

1ii) that Stephan flow is not considered, i.e., it is assumed that
the concentration of the substance diffusing is small,

CASE I - Open Flash Point Determination

Initial Conditions

i) that at t = o the concentration of A is zero throughout the
vapour phase. In the absence of any information to the
contrary this assumption must be made. (Cp), . o= 0

ii) that at infinite distance from the liquid surface the

C
concentration gradient is zero. Yy = 00 %;é =0
¥
iii) that the variation in concentration of A at the liquid sur-

e B * T yhere G is the

face is given by (GA)y=o = Cg =
concentration corresponding to the equilibrium vapour pressure
of the liquid at the temperature attained after time t, and
E and F are constants,
That this is so can be shown as follows:-
The temperature of the liquid surface varies as T = L + Mt
where L = initial temperature of the liquid (say 20°C) and M
is the rate of heating (10°F/min as specified).
Over a small range of temperature the variation in

equilibrium vapour pressure of a liquid may be written
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Inp, = N.T + O without great error where N and O are constants.
In the case of n-propanol (see Table 2.3) the straight line
through the points at 20°C and 40°C on a graph of Inp, v T
would go through the point (30°C, 27.0 mm.), that is to say over
this small range the maximum error involved is approximately 2%.

i -
Toble 2,3

Vapour Pressure Data For a~propanol

T°¢ 20 30 40
mm. He 14.5 27.6 50.2

On combining these two expressions it can be seen that
Inpe = (N.M)t + (N.L + 0) or p, = exp J(N.M)t + (N.L + 0)/
Therefore it is justifiable to write Ce = e B * Fb gt y = o,

Differential Eguationgs-~
The basic equation for unsteady state mass transfer is

¥ 3R - 2.4)
taking the Laplace transform of this equation

20 '
a0y . Do Ca - (2.2) - indicates the Laplace
3t Ay Transform

-pt
The Laplace transform of F(t) is defined as F(TJ = Se P F(t)at
L]

- -t . - ® -
whence _3C4 = Xe P¥sca . at = /g, epff" +p .Soe Pt Cpedt
¥t =T ° °

= 0 CA,t’___m - lo CA-t:O + pﬁK

]

but Cpge, = O from the initial conditions .°. 304 = p g7 - (2.3)
' ' . 3t
bstituti 3) in (2.2) o= —
substituting (2.3) in (2.2) 53 -
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the solution of this differential equation is

& - Aeff:/D.y + e VE/D.y | - (2.4)
differentiating wir.t.y 35:1" =4 ./% . J2/ DY _ B [i/p ;/P/Dy
ay ' - (205>

substituting the boundary conditions y = o, Cp = G in (2.4}

Co =A+B
c .
y=oo§A=oin(5) 0= A00=-B,0 .. A=0
Sy
. R E +.Ft - pt - B -P v
Sos=g = (o o " Pat = & gPRI00 o ug
: = o
P-F
substituting for A and B in (2.4) G5 = &, o~ F/D.y - (2.6)
P-F

this is in the form Gy = e ~ ¥ nere q = ?/x,q and k being real
and positive, and o(unrels)tricted. From tables of inverse

transforms (37)

- Ei1_Ft,-JF/ , +Floy
Cp=ede Lo/ DVerpe( Y _ -[Ft)* fe( Y + [F%
Tente(oten IR o T N ertoly + FOLT

Of the dimensionless groups (JF/p.y) (JF%) and (2%)1-,) only two

‘are independent.Equation (27) may therefore be written

Chr . -
Eﬁ = LI (FE)T - (2.8)

since oo 1 U = Ce.

CASE II Storage Tankss-

Here the problem is concerned with a volume of vapour

occupying the space above a liquid stored in a closed tank and
the circumstances under which a potentially inflammable concen-
tration of vapour will spread through this volume,
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Initital conditions

i) At t=o0 C, = o throughout the vapour

ii] that the liquid surface is at a constant temperature
Ch = Cq #F(t)

iii) that no mass transfer takes place across the plane corres-
ponding to the roof of the tank. In this case it is more
convenient to consider this limiting plane to be at zero
height and the liquid surface at height 1, To avoid con-
fusion, systems of this type will be described using a

variable height z, Therefore the intial conditions become

C
(CA)ieg =05 2z =0 %;é =0; z=1 Gy =Cg# F(t)

Solution of the egquations .
Equations (4) and (5) of Case I apply.in this case also,
Thus 7 = se ¥5/D 3 4 o ¥/pz - (2.4)

g_Aﬂe Dz ~-BfE/p o~ #/Dz - (2.5)

0 8% = 5 in (2.5) 0=4-B i.e. A=3B
Az
1 Cy = G in (2.4)92=A[6JP/D1+£JP/DE7
| P

substituting for 4 and B in (2.4)

—_ £/ - 7
5 =, © /be o o = /D

P ;7§7ﬁ1 +e J§7;I
Ce Le ~F/p(-2), e JE75(1*%ZZ[i+e —2JE75;7—1

1l

substituting z

3
i

Expanding the second bracket

on EE{i (-1)2 o - /D [(2n+1)1-2)

P |n=o
+ :5%; (-1)% ] R/b ZT2n+l)l+QJ7}

=0

=]

Inverting

GA = B¢ Sio(-l)n erfq[_i—z;l%l;j7+ = 0(-l)nerfq[-igﬁill;3§_7

- (2.9)
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or in terms of dimensionless groups U4 = F 1 =2 -(2.10
- ﬂzm”ayﬁa 7 -(2.10)

CASE TII GClosed Flash Point Determinations

In this case it is assumed that vapour is diffusing in
an undisturbed manner from the liquid surface to the vessel roof
and that there is no stirring of the wvapour phase, ’

Initial Gonditions
1) At 1t =0 Cy = o throughout the vapour,

1i) At =z = 10 = o E*FY 55 gigcussed in Case I.
4i1) At z = o 304 = o as discussed in Case II.
Sz

Solution of the Equations:~
Equations (2.4) and (2.5) of Case I are again used and
the above initial conditions are substituted.into them.

substituting at z = o gcg = o into (2,5) o = A - B i,e. 4=B

CA=eE+Ftatz=linto.(2.4) o =A[§JP/D'1+e- Di'-]

P-F
substituting for 4 and B in (2.4)

EJ-x:_.eE[eP/Dﬂ+e - /D‘Z_]
P-F eji; DI + e "]ED-I
Dividing through by e F7pa and expanding the denominatien as before
= (= ()% ~/2/p/(2n+1)1-5] 2 (-1)me ~F/n/Ten 1/ g

C4 T

Inverting:~

o .S a(, ~F/n/lens1)1-27
5‘:' n=o %(e erfe/ (%%L_tl—z —1_5—37

. eﬁﬁg[(zn*-l)i;_i [(_g__r_l:‘%%%g + Jrt/ g

+i» (= E/D[(2n D145/ :

n=o 2(e erfc[-(%n%%ly—z- "W
‘.o + M@n“‘i}%?z—(22+1%1+z + JFt/ ; - (2,11)
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Expressing this in dimensionless groups

C
2= L) () U7 - (2.12)

Case IV _Open Flash Point Determinations - Revised

In the light of further investigations it became
apparent that the treatment outlined for open flash point deter-
minations in Case.I was inadequate, The reason for this was that
the ph&sical model on which the treatment was based was over-
gimplified., In Case I it was assumed that the vapour diffused
in an undisturbed manner from the liquid surface to infinity,
Later work suggested however that shielding, far from being perfect,
was largely ineffective. It was therefore decided to solve the
differential cquations assuming that the concentration of
diffusing vapour A was reduced to zero, at a distance 1 from the
liquid surface, by the effect of draughts or other disturbing
factors.

Initial Conditions

i) At t = o Cy = o throughout the vapour
ii) At z = 1 (i.e. at the liquid surface) Gy = e& *° .o pofore
iii) Mt z =00y =

Solution of the equations

Solving for the constants in equation (2.4) using the

above conditions glves A= ~B

and 4 = Je/mi - /iy - 1

e
P

substituting for A and B in equation (4)
— . B Jp/Da -&/Dz
Ca - =8 7
B-F & Io/B1 _ , /DL
solv1ng as before

/D[__—ll"J n+ 2
CA"%‘Z erc[@g%%l—- f——7

Ce n=o

Wﬁﬁnﬂ\ 1-z/

* erfc Zplgég%ll:ﬂ + JFt_/ (continued overleaf)
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> . -4@75[2?1:1 1+z

‘ 20FL 1+z - [Ft
- —2L =0 erfec ST -7
JE/D/ ThFT SEFT
*e /L ei;? =atl 1+z Ft_/ - (2.13)
2/ Dt
Expressing this in terms of dimensionless groups
C - .
A = S S
= =F / (gjm-, )(‘z/m-,) (VFt)_/ - (2,14)

Cq
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CHAPTER 3

THE SPREAD OF FLAME ACROSS_A LIQUID SURFACE
EXPERIMENTAL WORK — PART I

3.1. Preliminary work

At the étart of the experimental investigation into spread
of flame across a liguid surface preliminary work was carried out
to gain information on the following points prior to the design of
a larger scale apparatus,

i)  The suitability of different inflammable liquids for use in
larger scale experimental work,

ii) - The maximum size of apparatus which it would be convenient to
use,

iii) The relative merits of various methods of ignition of in-
flammable liquids,

iv) The precautions which would be necessary to minimize the
effect of outside disturbances such as draughts.

This preliminary work was carried out in metal vessels which were

already available. Two such vessels were used one being 9" x 7" x 1"

and the other being 7" x 13" x 3", .

i) When making a choice of inflammable 1liquid it had to be

borne in mind that the terms of reference of the research programme

specified the use of a liquid of low volatility. Other controls on

the choice were imposed by the cost and availability of the

different suitable liquids., Small scale experimental work was

conducted with the following liquids at room temperature:-

Tetralin, butanol, propylene glycol,ethyl phthalate, ethylene

glycol, cyclohexanone, amyl alcohol, cyclohexanol and hexanocl.

Tetralin, which was used extensively in the other
preliminary work because it was available in large quantities,
showed itself to be inconvenient for larger scale work. When
burning, tetralin releases large quantities of soot, in common
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with other aromatic hydrocarbons. This soot is released in the
vapour phase from where it is deposited freely on any adjacent solid
surfaces thus rendering the vessel in which the tetralin is burning
exXtremely dirty. Furthermore the liguid becomes contaminated as
burning continues and after a short while becomes heavily dis-
coloured. In view of the above factors which would reonder experi-
mental work with tetralin exceedingly unpleasant it was decided not
to consider further at this stage tetralin or any other aromatic
liquid, | |

Of the remaining liquids the alcohols emerged as the most
suitable., The rate of spread of flame across an amyl alcochol
surface (measured as 0.3"/sec. at room temperature and 2"/sec. at
45°C) lay in the range in which it was planned to take measurements
and the liquid was clean to handle and clean while burning. More-
over the adjacent members of the homologous series, butanol and
hexanol, would serve as useful comparisons when the effects of
liquid volatility and other physical properties were studied, It
was therefore decided to start experimental work using amyl alcohol,
i1) It was considered desirable to carry out experimental work
in a fume cupboard, This fact placed the limitations on the size
of the large scale apparatus., It was found experimentally that
the fumc cupboard available was quite capable of handling the
products of combustion from a 63 sq.in. surface of burning tetralin.
The physical size of the fume cupboard rather than its handling
capacity was therefore controlling. This was:- width of door
41,5%; ingide width 44"; depth beyond door 15,
1ii) A method of igniting a liquid of low volatility (i.e
one which could not be ignited directly) was required which would
give reproducible behaviour and which, when used in conjunction
with a parallel sided channel, would give rise to a flame spread-
ing with a substantially straight flame front, Various methods of
ignition were tried which involved segregating part of the in~
volatile liquid behind a barrier and then applying heat either
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from a coal gas/air flame or by adding a small quantity 6f more
volatile ligquid and igniting that. The barrier would be removed when
a flame was established and this flame would then be able to spread,
All such methods proved unsatisfactory in some respect. The
simplest method tried, that of igniting the liquid at a wick running
the width of the channel, proved to be the best. The flame readily
established itself on the wick and, after a warming up period, it
would spread with a straight flame front. Reproducible behaviour
was obtained by this means,

iv) The preliminary experimental work showed that some form

of control against the effects of draughts was necessary. In the
absence of screens such factors as the amount by which the flame
cupboard door was open had a noticeable effect on the spreading
flame, With side screens 5" high however no such effects were

observed.
3.2, _Apparatus
3.2,1., The experimental vessel

When considering the programme of work for which an experi-
nental vessel would be needed, prior to the design of such a vessel,
it was concluded that provision should be made for the investigation
of the effect of the following factors on the rate of spread of

flame across a liquid surfaces~

the initial temperature of the liguid, the physical properties of
the liquid, the depth of the liquid, the width of the flame front.
In order to reduce the complexiﬁy of the problem it was decided to
confine the flame to spreading aiong a channel which was long in
comparison with its width. This condition meant that the practical
situation could be represented by a two dimensional model with a
rosultant simplification of any theoretical analysis. In terms of
the experimental work invoived, this simplification necessitated

the study mentioned above of the effect of the flame (i.e. the

channel) width,
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With the experience and information gained in the pre~
liminary work a larger scale apparatus was designed in which
operating conditions, as discﬁssed above, could be closely controlled
and accurate measurements taken. This apparatus will now be des-
cribed in detail under three headings viz:~ the temperature
regulating system, the combustion trough, and the screens.

The _temperature regulating system:~ Of the methods awvailable for
controlling the temperature of the inflammable liquid in the com~
bustion vessel it was thought that partial immersion of the com-
bustion vessel in a constant temperature water bath would give a
- satisfactory control, Desirable qualities for such a system are
that it should give as uniform a temperature to the liquid in the
combustion vessel as possible, that it should be easy to adjust,
and that any temperature setting could be reproduced. It was
considered likely that a water bath would prove satisfactory on
each of these points and this method was therefore adopted.

It was decided to make the water bath as large as possible,
bearing in mind that it had to be fitted into a fume cupboard.
This resulted in the dimensions of the water bath (4) being fixed
at 40" x 9" x 3", With a vessel of this shape it would have been
difficult to incorporate a heater, thermostat, and stirrer. A
separate constant temperature water bath (B) 18" x 10" x 10,
from which water could be circulated to bath 4 was therefors
provided in which a Techne !'Tempunit' was installed,

This 'Tempunit'comprised an electric heater, a thermostat
giving a temperature control of 0.1°C over the range 15 - 80°C,
and a means of circulating water between the tank and an outside

systen,
The water bath (4) was therefore provided with inlet and

outlet pipes, 1" x 3" i.d., which were mounted one above the other
at the same end of the bath. Circulation of the water was achieved
by admitting the water through the upper pipe and by inserting a
baffle which was mounted on six feet so as to be 1" above the
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base of the water bath. This baffle covered the complete area of
the water bath except for a 1" gap at the end distant from the
inlet pipe, The water was therefore constrained to flow along the
top of this baffle and to return underneath it,

. Since the water level in tank (B) was greater than in the
water bath (A) water flowed from B into A under the influence of
gravity, the flow in the reverse direction being controlled by the
circulating attachment on the 'tempunit'. It was not possible to
balance these flows exactly and they were therefore adjusted so
that the water bath (A) was tending to fill. A float operated
micro-switech brought a pump into action when the water level in A
reached a certain height thus increasing the flow into B, and cut
the pump out when the level had aropped sufficiently. By this
means the water level in A was controlled within limits 2" apart.

In order to reduce heat losses both vessels A and B wére
lagged where possible with asbestos cloth and asbestos board. .
When the system had reached equilibrium the temperature in A would
vary by less than 1°C from end to end at a temperature of 50°C and
this equilibrium temperature in A would be 1 - 2°C lower than the
control temperature in B.

The temperature repgulating system is shown in diagrammatic
form in Fig. 3.l. while detailed dimensions of the water bath (A)
together with details of the supports for the combustion vessel are

given in Fig. 3.2.

The combustion vessel |
‘ The combustion vessel consisted of a brass trough
38" x 4.,5" x 1", Two fixed marks were inscribed on the base of

this vessel 10" apart, one being 13" from the nearest end,

The_screens

Initially it was intended to use asbestos sheets bolted
to brass angle as screens. In use however the brass angle became

distorted by the heat rendering this method valueless. These
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screens were therefore replaced by Sindanu, %" thick and 8" high
which was both heat resistant and self supporting.

Since on occasions flames spread around the ends of the
Sindanu screens, the original asbestos screens were modified and
laid on the combustion vessel outside the main screens so as to
prevent the access of air to those portions of the liquid surface
which it was not intended to ignite,

The main screens were held in position by clamps.

3422, The method nsed for timing high rates of spread

The average rate of spread of flame was measured by
timing its progress between two fixed marks 26 cm. apart.A For
intervals greater than three seconds visual observation and
timing with a stop watch was considered sufficiently accurate but for
shorter intervals it was fell that a different means of timing
would be necessary. Of the methods available for timing the flames
rate of spread it was considered that methods which gave a direct
indication of a time interval would be more useful than photographic
methods which would involve further measurements. The possibility of
initiating a counter by means of a signal from a photo electriec
cell was investigated experimentally but the method was found to
be unsatisfactory due to the low light emission from the flame
front and the distance which it was necessary to allow between the
liquid surface and the photo electric cell, The second method of
initiation to be investigated was the operation of micro switches
| by the fusion of nylon threads. Apart from the minor practieal
difficulty of handling the very fine nylon thread used (0,08 mm.
diameter) this method proved both reliable and convenient,

~ The circuit used was as follows:- the output from a
1000 ¢/s signal generator was fed to a decatron counter via two
micro switches. These switches, which were operated through brass
levers, were connected so that in their normal operating positions

one completed the circuit while the other one broke it,
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To prepare the timing apparatus for a run the micro
switches were clamped above the combustion vessel some 3" above
the level of the screens with one switch above each of the fixed
marks on the base of the combustion vessel. To the lever on each
switch a length of ﬁylon thread was attached, the other end of
which was tied to a short length of thin metal which rested on the
bagse of the combustion vessel, This piece of metal was held in
position by placing each end of it underneath one of the sindanu
screens. Having attached the nylon thread to the switch, the
height of each switch was adjusted so that the tension in the
nylon thread held the operating lever of the switch down against
the compression of a spring in the switch, In this position the
circuit through the switch nearer to the wick was open whereas
that through the farther switch was closed.

At the start of a run the decatron counter was reset to
zero and the liquid was ignited, As the flame spread to the far
end of the trough each nylon thread was fused iIn turn, When the
first thread was fused the circuit was completed through the first
micro switch as the operating lever was released. This enabled
the signal from the signal generator to be counted by the decatron
counter. When the second thread was fused the circuit was broken
again and no further signal reached the counter. The rcading on
the counter then gave the time interval between the operation of
the two switches to 0.001 seconds, |

Errors in the use of this method could arise from
variations in the time between the arrival of the flame at the
nylon thread and the operation of the switch, However this delay
is likely to be similar for the operation of each switch and these
errors will tend to cancel each other, Moreover the nature of
the experimental work was such that an answer to 0.001 seconds
was not required; 0,05 seconds being sufficiently accurate.
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3s2+3. The method used for studying temperature variations

in the ligquid

Because it was concluded at an early stage of the work
that heat transfer processes in the liquid played an important
part in controlling the rate of spread of flame across a liquid
surface an apparatus was designed and constructed to measure
temperature variations in a liquid as a flame spread across its
surface,

In this apparatus a thermistor was included as one arm
of a Wheatstone Bridge and the out-of-balance voltage from this
bridge was amplified and fed on to the Y plates of an oscilloscope.
The X plates of the oscilloscope were linked to a single sweep

~time base., A diagram of this apparatus is given as Fig. 3.3

The range of this instrument was such that in the
vertical direction temperatures from 20°C to 90°C could be
measured while the time base could be varied from two to twenty
three seconds. The calibration of the temperature axis is given
in Fig. 3.4, This calibration was checked periodically but was
not found to vary appreciably. The time base when checked was
found to be linear, within the limits needed,

To complete the instrument a camera was constructed on
the front of the oscilloscope to giﬁe a focussed image of the
screen on a photographic plate, and a push button switch was
provided with one of its leads connected to each lead of the
thermistor. By this means the thermistor could be short cireuited,
giving a distinctive deflection on the oscilloscope screen. This
enabled the trace on the screen to be related to the position of
the flame relative to the thermistor by pressing the switch at
predetermined positions of the flame front,

The temperature sensitive olement of the thefmistor was
approximately 1 mm, across and it was sealed in a thin glass tube,
Having a low heat capacity it responded rapidly to changes in
temperature, the maximum temperature gradient which it could
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cope with being of the order of 200°Q/second. During experimental
work no temperature gradients of anything‘approaching that order
were encountered., The thermistor inevitably gave a value for the
temperafure which was integrated over a range of depths but owing
to the small size of the temperature sensitive element this effect
was not important.

3.3, Experimental Procedure

When the first set of runs were carried out in the
apparatus described in 3.2,1, it soon became apparent that careful
controls were necessary if reproducible results were to be obtained.
Fifty three preliminary runs were made as a result of which it was
concluded that the inflammable liguid must be changed and the
Sindanu screens cooled to room temperature between runs,

" The effect of using the same batch of liquid for more
than one run was to decrease the rate of spread of the flame
although this effect only became marked after three or four runs.
A possible explanation of this change lies in the effect of small
percentages of water as a diluent on the rate of spread
(see 3;4.1.3) and the fact that the liquid in the trough could
become contaminated with water, The changing composition of amyl
alechol when exposed to the air due to the absorption of water
would be reflected in the increasing specific gravity with time
of & sample which was exposed to the air. The results of measure-
ments on such a sample are given in Table 3,1,

TABLIE 3.1.

Time of Exposure (min.) | Specific Gravity
0 0.8082
15 0.8096
30 0.,8101
45 0,8109
60 0.8115
150 0.8118
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“Accordingly it was decided to carry out each run with a
fresh batch of liguid, either as supplied by the manufacturors
or re-distilled to the manufacturers specifications (quoted as a
minimum percentage boiling in a given temperature range).

The necessity for cooling the screens is more obvious
‘gince the rate of spread is sensitive to changes in temperature.
The screens were either allowed to cool naturally between runs or
they were sprayed with water and then dried.

The following experimental procedure was therefore adopted.
Before a run it was decided what initial temperature, channel width,
volume of liquid and liquid to use., (the normal practice for a
set of runs was to use the same liquid, the same volume of liquid
and the same channel width and to vary the initial temperature),

For each run an estimate of the flame's rate of spread,

based on previous experience,was made in order to decide which
method to adopt for timing the flame's progress. If the flame was
expected to spread at less than & cm./sec. (i.e. an interval
greater than 3 sec. between passing the different fixed marks)
then moasurements were made using a stop watch and observing the
flame's progress viSually. If a rate of spread greater than
8 cm./sec, was expected then arrangements were made for using the
method described in 3.2.2. |

The thermostat was set to an appropriate value and the
temperature regulating system was brought into operation and
allowed to come to equilibrium., The specified volume of liquid
was then added and, when it had reached a steady temperature, its
temperature was measured and recorded., The screens were put into
position and adjusted to their appropriate separation, and the
wick was placed across the channel so formed, 2" from one end and
11" from the first fixed mark, If appropriate, the nylon threads
for the electronic timer were fixed in position at this stage.
The liquid was then ignited at the wick and the time taken for the
flame to spread between the two fixed marks was measured as dis-
cussed above, and recorded., After the flame had passed the
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second fixed mark the free end of the channel was covered with a
piece of asbestos board and an asbestos cloth was placed over the
top of the Sindanu screens. By thus cutting off the air supply
the flame was extinguished. This method of extinction proved
completely satisfactory.

At the conclusion of the run the liquid was transferred
to a residues bottle to await redigtillation and the screens were
cooled,.

By adopting such a standard experimental procedure a fair
degree of reproducibility was obtained between runs carried out
under identical conditions. The reproducibility of the results

is discussed in quantitative terms in 3.4.2.

3.4, Results

3,.,4,1, The variation of rate of spread with initial temperature

It was stated above (3.,2.2.) that in order to determine
the rate of spread of flame across a liquid surface two fixed
marks were inseribed on the base of the combustion vessel and the
interval between the flames arrival at the first mark and its
arrival at the second mark was measured and recorded. In order to
justify the use of such a measurement, which can only give the
average rate of spread over the distance between the fixed marks,
a preliminary experiment was carried out. A series of marks was
made on the base of the combustion vessel at 1" intervals and the
normal experimental procedure was adopted up to the moment of
ignition, After ignition however the time was recorded when the
flame reached each mark for a distance of 25" from the wick. The
tine-distance relationship of the flame is shown in Fig. 3.5.

This run was carried out using amyl alechol 250 ml, at 22.5°C
with a channel width of 1.3 inches (cf. Table 3.4).

From Fig 3.5 it can be seen that after an initial
induction period of 30 seconds the flame spreads at a rate greater
than its equilibrium rate up% to 7" from the wick. Between 7"
and 9" there is a transition stage before the flame adopts its



L

120

100

o
O

'S
O

TIME FROM IGNITION (seconds)
o
e,

2 OF
o L 1 ) 1
o S 10 1S 20 25
DISTANCE OF FLAME FRONT FROM WICK

(inches)

FI1G. 3.5 THE PROGRESS OF A TYPICAL FLAME
ALONG THE COMBUSTION VESSEL.



48,

equilibrium rate of spread. It then continues at that rate over
a considerable distance, The slope of the straight line through
the points corresponds to an average rate of spread of 0.62 cm/sec.

The closeness of the points in Fig. 3.5 to a straight
line shows that the use of an average rate of spread is justified
because the value obtained will be independent of the position or
the separation of the fixed marks, provided that a sufficient
~distance is allowed between the wick and the fixed marks., Since
the distance allowed in the combustion vessel for this purpose
was 11" it is. to be expected, in the light of the above experi-
ment, that the steady state rate of spread will have been attained
before the first fixed ;ggéis reached,

Having established that the average rate of spread as
measured did not depend on the position of the fixed marks
relative to the wick, the effects of various parameters on the
rate of spread were determined experimentally. These parameters
were liquid depth, chammel width, the percentage of water as a
diluent in the inflammeble liquid, and the nature of the inflamm-
able liguid.

The experimental results obtained are tabulated in the
lAppendix to this chapter as Tables 3.2 - 3.15 and 3,17 - 3.18.
For each Table, representing one set of results, the values of
the above parameters were kept constant and runs were carried
out at a series of initial temperatures. For each run the initial
temperature and the time taken to travel 26 cm. are recorded to-
gether with the average rate of spread. Where times are quoted
to the nearsst second or 0,1 second they were measured with a
stopwatch, Where three decimal places are quoted the measurement
was made using the electronic timer described in 3.2.2,

' The values of the paramecters appropriate to each set of
results are summarised on the first page of the Appendix.

A critical discussion of these results together with a
consideration of their reproducibility and a description of the

modes of propagation observed is giveh in 3.4.2.
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3.4,1, The effect of liquid depth
The effects of varying the liquid depth were investigated

using amyl alcohol and hexanol at a channel width of 1.3 inches
and the results obtained are given in Tables 3.2 -~ 3.9,

On Fig. 3.6 all the experimental points of Table 3.4
are plotted in the form log v against Tr, together with an
estimate of the best line through these points. It is apparent
that to plot all the 148 points given by Tables 3.2 - 3,9 on the
‘same graph would be to obscure any trends which might be present.
Estimates of the best line through each set of points were there-
fore made, as for the set in Table 3.4, and these are shown on
Fig 3.7, which is again in the form log v against TL' Fig 3.8
shows the best line of Table 3.4 plotted as y , on a linear scale,
against Ty, This greph helps to emphasise the very large changes
which ocecur in the rate of spread of flame as the temperature of
the liquid increases, and to demonstrate the need for a log v
against Ty plot, with equal weighting given to percentage changes,
to illustrate the effect of changing the liquid depth.,
324.1.2, The effect of channel width

The effect of varying the channel width was studied using
amyl alcohol and hexanol, 250 ml, per run, and channel widths of
0,9, 1,3" and 2,5", The results obtained are given in Tables
3.4 and 3,9 - 3.12. Estimates of the best line through each set
of points are plotted in Fig, 3,9 as log v against Ty,

. 3.4,1.3. The effect of small percentages of water as a diluent

In the section on experimental procedure (3.3) it was
stated that irreproducible results were obtained if the inflamm-
able ligquid became contaminated with water, The effect of small
percontages of water as a diluent was therefore studied under
controlled conditions using solutions of 1, 2 and 4% by volume of
water in amyl alcohol. (Water and amyl alcohol are not completely
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miscible, a saturated solution of water in amyl alcohol being
approximately 5% by volume of water), The runs were carried out
using 250 ml. of solution per run and chennel width of 1.3 inches.
The results are given in Tables 3.13 - 3.15 and the estimatss of
the best lines through these points are plotted in Fig. 3.10 as
log v against T;. The results of Table 3,4, for amyl alcchol
under the same conditions with no water in solution, are also

shown in Fig. 3.10.
3.4.1.4. The results for different inflammable liquids

In addition to amyl alcohol and hexanol, experiments were
carried out using propanol and butanol. A summary of some
properties of these liquids is given in Table 3.16 while their
vapour pressure/temperature curves are plotted in Fig., 3,11, The
following abbreviations will be used in this section:=-

Tp, the closed flash point of the liquid (Ref.31 ) oc
Tg, the temperature at which the vapour pressure of the liquid
o .
=ps G |

Pgs the partial pressure of vapour in the stoichiometric mixture
with air mm. Hg

p, the partial pressure of vapour at a temperature T  mm. Hg.

Tb, the boiling point range quoted by the manufacturers (B.D.H) ©¢

¥y, the minimum percentage of liquid boiling in the range Tp %

TABIE 3,16
Substance Ty ¥ Pg Ty Ts gg at Tp
n=propanol 96-99 195 | 32.3| 23 32.5 0.54
n-butanol 116~-118} 95 | 24,5 35 44,7 0.54
iso amyl f
v alcohol | 128-132195 | 19.7| 41 50,7 0.52
(3=methyl
butanol)
n-hexanol 157 - | 16.58) 62 | 65.2 0,80%

¥ Because of thehigh values of this ratio, the flash point of
hexanol was measured by the method described in reference (36 ).
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The value obtained was Tp = 58°C (gg = 0.60)

The results for propanol and butanol, obtained using
250 ml. per run and a channel width of 1.3 inches, are given in
Tables 3,17 and 3,18, Averaged results are plotted in Fig 3.12.
together with those for amyl alcohol and hexanol under the same
conditions (Tables 3.4 and 3.9) in the form log v against T,

For each liquid the temperatures Tp and Tg are indicated on

Fig 3.12,

3.4,2, Discussion on_the results of 3.4.1.

Before embarking on a discussion of the information
which may Be obtained from the results of 3.4.1, as plotted in
Figs.3.6 - 3.12, the validity of basing conclusions. on measure-
ments of the average rate of spread of flame across a liquid sur-
face will be considered. The significance of the results could
be questioned if evidence showed that measurements made with a
particular set of conditions were not reproducible or if physical
conditions over which there was no control, e.ge. barometric
pressure, laboratory temperature and humidity, exerted a greater
influence on the results than did those factors which were con-
trolled experimentally, or if the rate of spread of flame was
changing from end to end of the trough.

An indication of the reproducibility of the results
can be obtained from Fig, 3.6 on which the thirty two results
quoted in Table 3.4 are plotted. In the temperature range 16 ~
20°C some scatter is apparent but as the temperature increases
this scatter decreases, Up to 45°C the points lie closely grouped
but above this temperature the points become more scattered so
that the drawing of a best line through them becomes more
difficult. In the temperature range 45 - 50°C the rate of
spread is changing very rapidly with temperature and these in-
creased discrepancies may result from small errors in temperature
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measurement as well as random variations in the rate of spread.
- This scatter is not so pronounced in the higher temperature runs
with propanol and butanol (Table 3,17, 3.18),

If the results for hexanol from Table 3.8 are considered
(selected because of the large variation in t from 12 - 200
seconds) then all the points lie within 10% of the best line and
fifteen out of seventeen lie within 5%. This degree of reproduci-
bility (907 of points within 5% of the best line) is exceeded
by many of the sets of runs,

As the runs in a particular set were made over a period
of several days and in some cases additional runs were made
months later this degree of reproducibility may be taken as an
indication that the effect of random 6hanges in uncontrolled
conditions is small in comparison with the effect of controlled
changes,

It has already been shown (Fig.3.5) that the rate of
spread of flame does not vary with distance from the wick when
that distance is greater than 6 ~ 7", This is confirmed in part
by results in Table 3,3 which show that moving the wick over a
distance of 5" relative to the fixed marks does not affect the
measured rate of spread between the fixed marks.

With this background information, the average rate of
spread of a flame as measured was accepted as a meaningful
quantity and one whose variations could profitably be subjected

to an intensive investigation.

Modes of flame propagation

When the mechanisms controlling the rate of spread of
flame across a liquid surface are considered it becomes apparent
that two distinct types of behavicur must exist., The distinguish-
ing feature between these two types will be the relation of the

initial concentration of vapour above the liquid surface to the

lower limit of inflammability of the vapour.
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When the initial concentration is less than the lower
limit of inflammability sufficient preheating of the liquid by
the spreading flame must occur to give a concentration of wvapour
within the inflammability range. In such circumstances the rate
of spread of the flame will be governed both by the amount of
preheating necessary and the rate at which this preheating will

take place,
When the initial concentration of vapour exceeds the

lower limit of inflammability no preheating of the liquid is
necessary although it may still occur. Control over the rate of
spread of flame is then exercised directly only by occurrences in
the vapour phase (although they in turn are related to the state
of the liquid phase). '

If, in the above discussion, the concentration of vapour
at a particular liquid temperature can be considered in terms of
the vapour pressure exerted by the liquid at that temperature,
then the boundary between the two types of behaviour will be the
true closed flash point of the liquid, as discussed in Chapter 2,

Evidence for the existence of these two regions may be
found in the experimental results given in 3.4.1., Fig 3.8 shows
the marked increase in the gradient of the curve through the
experimental points in the region of initial temperature 40 -45°C.
In the ten degrees wfrom 30° to 40°C the rate of spread increases
by a factor of three, In the ten degrees from 40°C to 50°C however
the rate of spread increases by a factor of twenty. The closed '
flash point of amyl aleohol is approximately 41°C. Although this
increase in gradient is most marked on a graph of v , on a linear
scale, against Ty, it is also apparent on a graph of v, on a
logarithmic scale, against Tr.Fig. 3.12 shows the experimental
results for all four liquids used plotted on such a basis. For
propanol, flash point 239C, all experimental points lie in the
region where the vapour phase is controlling and no marked dis-
continuity in gradient is apparent. For butanol, flash point 35°C,
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there is a very marked change in gradient'at Ty, = 359°C and such
a change is apparent, to a lesser degree,for amyl alcohol at Ty, =
410C, 411 the results for hexanol were obtained with liguid
temperatures less than the closed flash point. These results suggest
that two different types of behaviour may be distinguishable in
practice and these types of behaviour will now be considered in
the light of the sarlier remarks about modes of propagation.
Liguid phase controlling

It was suggested above that when the initial temperature
of the liquid is less than the closed flash point of the liquid
the rate of spread of flame will be controlled by the amount of
preheating of the liquid necessary and by the rate at which pre-
heating occurs., These points are considered in detail in 3.4.3.
and in Chapter 5., In this section however the only aspect of
this suggestion which will be considered is the broad one that
when Ty, TF, heat transfer processes in the liquid phase will be
controlling. From this it follows that when Ty < T, environmental
factors affecting heat transfer processes in the liquid such as
the depth of liquid, or the width of liquid surface burning will
have an effect on the flame's rate of spread and that this effect

will diminish as T1, approaches Tp,

Experimental evidence in favour of this view is shown
on FPigs. 3,7 and 3.9. The results plotted on Fig. 3.7 show the
effect of liquid depth on the flames rate of spread. For amyl
alcohol, flash point 41°C, at an initial temperature of 230G the
rate of spread is halved by decreasing the liquid depth from 0.5 cm
to 0.2 cm. whereas at 38°C thg curves for the five different liguid
depths used have merged together and no measurable differences
exist betweoen the rates for different depths. At 239C, increasing
the depth by 25% from 0.2 cm to 0,25 cm, increases the flames
rate of spread by 33%. The same percentage increase from 0,4 cm
to 0.5 cm however increases the rate of spread by oniy 10%,
suggesting that a state is being approached in which further in-
creases in depth would not affect the rate of spread.
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This indication that the rate of spread of flame will
become independent of depth for depths greater than some critical
value, together with the fact that increases in rate of spread
result from increases in depth when the depth is less than that
critical value, leads to further conclusions as to the temperature
distribution in the burning liquid. If, in the vertical plane
passing through the flame front, the temperature distribution in
the liquid were substantially uniform then increases in depth, at
a particular initial temperature, would mean that a greater amount
of heat would have to be supplied to achieve a particular surface
temperature. Such an increase in heat requirement would yresult in

a reduction of the flames rate of spread. If however the bulk of
the temperature rise occurred near the surface with steep tempera-

ture gradients resulting in a vertical direction then the net
amount of heat necessary to achieve a particular surface
temperature would be largely independent of liquid depth. The
controlling factor in such a case would be the rate at which
heat was lost from this hot surface film., It follows that the
nearer this hot film is to a heat sink maintained at the initial
temperature (e.g., the bottom of the combustion vessel) the
greater will be the losses from it. Therefore as the depth of
liquid is increased the gross heat requirement is decreased
because the net requirement remains constant and the heat losses
from the surface film are reduced, Such a reduction in heat
requirement would lead to increased rates of spread.

Since the experimental evidence shows that an increase
in depth increases the rate of spread it is probable that steep
temperaturc gradients are produced in a vertical direction in a
liquid as a flame passes across its surface.

The results plotted on Fig. 3.9 show the effect of
channel width on the flames rate of spread., Here again the
effect is most noticeable at low temperatures, an increase in
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width from 0,9" to 2.5" increasing the rate of spread by a factor
of three at 230C. The effect of changing the channel width persists
until an initial temperature of epproximately 43°C. This feature
suggests that the rate of heat transfer to the liquid per unit
width of flame front increases as the scale of operations increases.
An increase in rate of this kind has previously been reported in
connection with liquid fires (4 ) (9 ) and in the present circum~
stances an additional factor in favour of such an increase may
result from the heat transferred to the sindanu screens becoming a
decreasing percentage of the total heat released as their separation
is increased.

Visual observation of the spreading flame yielded inform=
ation on the shape of the flame front and the manner in which the
flame progressed, In all save a very small numbor of the runs
carried out the flame spread with a straight flame front which was
perpendicular to its direction of propagation. Slight deviations
from straightness occurred near the screens where the flame was
slightly retarded but this curvature did not extend across wvery
mich of the channel width,

At initiel temperatures approaching the flash point flames
were observed to spread steadily and without fluctuation, their
instantaneous rate of spread corresponding to their average rate
of spread., At lower initial temperatures however a different
mode of propagation was apparent for often the flame would advance
into a region but would’not become established there, Having
advanced, it would then retreat a little only to advance again a
short time Jmater. This type of flickering advance would be
superimposed on to a steady progress of the mean position about
which the flame was fluctuating. These fluctuations occurred on
quite a small scale being of the order of one second in duration
and one centimetre in amplitude. Their frequency varied consider-
ably and as the initial temperature was increased so this mode of
propagation changed into the more stable one described above.
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The strictly local character of these fluctuations is confirmed
by the results shown in Fig.3.5 since only in one case (after
seventeen seconds) is there a noticeable deviation from the
straight line corresponding to the aﬁbrage rate of propagation in
spite of the fact that during this run, carried out with amyl
alcohol at 23°G, visible fluctuations occurred.

This type of behaviour may result from é difference
between the flash point and the fire point of the liquid concerned.
(These properties have been discussed in Chapter 2), When the
flame advances ih the fluctuating manner described above it seems
probable that i1ts advance into a region coincides with the
attainment of its flash point by the liquid in that region but
the rate of increase of temperature is not sufficient to raise
the liguid to its fire point before the flames goes out, The
flame front then returns to & region where combustion is already
self supporting and, after a delay sufficient for the cvaporation
of an inflammable concentration of vapour, it advances again.
This successive advancing and retroating supplies sufficient
heat to stabilise the flame in a new position ahead of the old
one. In terms of temperatures this explanation suggests that
- relative to a temperature profile moving at the average rate of
spread of the flame, the flame is fluctuating between the positions
corrosponding to the flash point and the fire point, While the
rate at which the temperature profile moves will be controlled
by heat transfer considerations the superimposed local variations
in rate will be controlled by mass transfer considerations,

It seems probable therefore that the flame first reaches
a poiﬁt on a liquid surface when the temperature at that point
is equal to the flash point of the liquid, The propagation of
the flame is however stabilised about the point slightly behind
the flame front where the liquid has been heated to its fire

pOint .
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Vapour phase controlling

The evidence of the pfevious section tends to confirm
the view that when the initial temperature of a liquid is below
its flash point the rate of spread of flame across its surface is
controlled by heat transfer processes in the liquid phase. There
is no sharp transition to a state in which the composition of the
vapour phase becomes controlling but as the initial temperature
of the liquid approaches the flash point so the effect of en-
vironmental factors decreases. With amyl alcchol, flash point
41°C, the effect ofchannel width disappears at 43°C. It seems
likely that for an amyl alcohol surface at a temperature greater
than 43°C the rate of spread of flame will be controlled by the
initial composition of the vapair phase.

At the flash point of a liquid the vapour composition
at its surface is that of the lower limit mixture and the concen-
tration of vapour decreases rapidly with distance from the surfacse.
As the temperature of the surface is inecreased so the vapour
concentration at the surface increases until at a temperature Tg
the composition of the vapour is that of the stoichiometric
mixture with air,

Fig, 3,12 shows that a pronounced discontinuity in the
gradient of the ratq/tempefature curves occurs for propanol,
butancl, and amyl alcohol at temperatures close to Tg. Contrary
to the findings of T. Kinbara (25 ) no evidence was found to
suggest that the rate passed through a maximum at this temperature
although for propanol Ty was exceeded by 10°C giving a vapour
pressure of 96 mm.Hg. as opposed to 32,3 mm. Hg at Tg.

The rapid increases in rate observed for each liquid
between Tp and Tg must result from the enrichment of the vapour
present before ignition occurs. Such an increase in rate is
known to occur in the fundamental burning veloccity of an inflamm-
able mixture as its concentration is raised from that of the

lower limit mixture towards the stoichiometric.
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The evidence suggests therefors that for TL >TF the rate
of spread is independent of the condition of the bulk of the
liquid but 1s dependent on the initial concentration of vapour
above the surface. This dependence results from the increase in
reaction rate with final flame temperaturs as manifested by the
increase in burning velocity with mixture strength. It is probable
that other factors will come into play apart from this but their

_ control must be exercised in the vapour phase,

2243, Temperaturs profile measursments |

In section 3.243 the desirability of measuring the
variations of temperature in an inflammable liquid as a flame
passed across its surface was discussed and an apparatus for
carrying out such measurements was described, The calibration and
operating characteristics of this apparatus ares also described
in 3.2.3.

For a run in which temperature variations were to be
measured the experimental procedurs was similar to that outlined
in 3.3. In addition to this procedure the thermistor was placed
in the combustion vessel with its temperature sensitive element
vertically above the fixed mark distant from the wick and just
below the surface of the inflammable liquid, The connections to
the thermistor were led in from the end distant from the point of
ignition, A further mark was inscribed on the combustion vessel
3" from the position of the tip of the thermistor.

Before a run was started the time base of the oscillos-
cope was set to a value conveniently greater than the time which,
it was anticipated, the f lame would take to spread 3", A
photographic plate (Ilford, HP3) was then exposed to the image
of the oscllloscope screen and, by re-setting the oscilloscope
with the thermistor in its operating position, a trace was obtain-
ed on the plate corresponding to the initial temperature of the
liquid. By thus calibrating each plate against an independently
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determined reference temperature, a constant check was maintained
on the temperature calibration of the apparatus.

During a run the normal measurement, of the time taken
for the flame to spread 26 cm, was made and in addition the
oscilloscope was reset when the flame was slightly more than 3"
from the tip of the thermistor, By momentarily short circuiting
the thermistor (see 3:2.3) as the flame passed the 3" mark and
again as the flame reached the temperature sensitive element of
the thermistor, marks were obtained on the photographic plate
which enabled the trace of the changing temperature in the liquid
to be related to the position of the flame relative to the
thermistor.

The plate was then processed and, to be interpreted,
was placed in the half plate adaptor from a full plate dark slide,
To this half plate adaptor was attached a piece of millimetre
ruled tracing peper which was calibrated in terms of time and
temperature for the image of the oscilloscope screen. By
1lluminating the plate from underneath when in this frame the
trace of the temperature variation could be re-drawn on the
calibrated paper whence it could be described in terms of temper-
ature and time co-ordinates, referred to the time of the flame
passing the 3" mark, By knowing the average rate of spread of the
flame the trace could then be expressed in terms of a curve
showing how the temperature at a point varies with the distance
of an approaching flame from that point. By postulating a steady
state propagation of the flame this curve may in turn pe regarded
as showing the steady state variation in temperature with distance
shead of the flame front on a system of axes whose moving origin
is the flame front.

In Tables 3.19 - 3.21 the results obtained for the
measurement of temperature variations are summarized., For each
run Ty, and v , the initial temperature of the liquid and the
average rate of spread of the flame, are given. In the third
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colum, Te is the temperature recorded at the instant of the
flame reaching the tip of the thermistor, as indicated by short
circuiting the thermistor, For each of the ligquids used the
mean value of Te was calculated and all the temperature-distance
curves were adjusted so that at zero distance from the flame front
they all passed through the same temperature, i,e. Te, This minor
adjustment brought the results into line with the suggestions as
to the mode of propagation which were made in 3.4.2., The mean
value of T is given at the top of each table and in column four
the value of the adjustment necessary for each run is given.

In no case does this adjustment exceed 0.5 seconds with
a standard deviation from zero adjustment of 0,15 seconds, based
on all the runs, demonstrating that there is considerable
justification for such an adjustment, From the temperature-
distance curves, adjusted in this way, three values of distance
were noted, The first one, Ly, is the distance between the flame
front and the position of the first measurable temperature rise,
The second, Logg is the distance between the position of the first
temperature rise and the point where 20% of the temperature rise
has occurred, i.e. where E_Z_EL = 0,2, The third, Lo,5, is the

T

Te - T
corresponding distance for ¢ L T - TL = 0.5, The final two
columns give the values of the rat%%- TL Lo.2 and Lo.5 for each
Io Lo

run,



TABLE 3.19 Results for butanol Tg = 37°C

TL.OC -vcn/sec. Te®C correction lo cm. La2em. LoSem 0.2 __;2

(sec _ —_— . Lo Lo

22,0 2.4 35 +0.1 4.4 2.8 3,5 0.63 0,79
21.9 2.3 36 + 0.1 3.7 2.5 3.0 0.66 0,82
27.0 2.6 37 0 2.3 1.3 1.6 0.55 0,72
26.5 2.6 35 + 0.1 2.9 1.6 2.1 0.55 0.73
310 4.0 39 - 041 2,0 1,0 l.4 0,50 0,70
31.1 3.8 39 -0.1 2.1 1.3 1.6 0,61 0.76
35.0 6.2 37 0 1.3 0.7 1.0 0.54 0,76
Mean value 0.58 0,75

Standard 0.05 0.04

Deviation
TABLE 3.20 - Results for amyl aleohol T, = 41°C

o . T° ' . Lo.2 Io.s
T1.°C v em/sec, Tg C_c?zzzstlon Loem, Lo.2em. Lo.5em 22 32
22,0 0.6 39 0.1 2.8 1.7 2.2 0.60 0,77
22,0 0.7 41 0 3,4 1.3 2.4 039 0,72
R27:5 0.9 42 ~0,1 3.0 1.2 2.2 0.39 0,74
R27.0 1.0 43 -0,2 2.7 1.4 2.1 0,55 0,76
31.3 1.3 38 +0,2 2.7 1.5 2.2 0.57 0,81
31,4 1.4 41 0 3.2 1,9 2.6 0,61 0,82
35.3 2,0 39 +0,1 2.1 1.2 1.6 0.56 0,76
35.5 2.0 41 0 1.7 0.9 1.3 0.51 0,74
39.5 3.2 44 ~0.3 0.7 0.4 0.5 0.54 0,76
Mean value 0,52 0,76

Standard Deviation 0.08 0,03
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TABLE 3.21 Results for hexamol Ty = 57°C

TL2C vem/sec. TeoC COfrecFion Loom. Lo.2cm, Lo.5em, 20s2 Lo.s
sec . LO I—O

22,2 0.4 56  +0,3 5.8 1.8 4,6 0.33 0.80
21.2 0.3 59  =0.5 6.7 3.6 5.0 0.53 0.75
27.5 0.5 55  +0,1 7.8 5,1 6.9 0.65 0.89
27.1 0.4 57 0 7.6 4,9 6,5 0.65 0.8
31.5 0.6 57 0 4,6 2,4 3.6 0,53 0.78
3,2 0.6 59  =0.2 3.6 1.9 2.8 0.53 0.77
39.5 1.2 56  +0.2 2,2 L1 1.4 0.51 0.62
40,5 1.2 61  -0.1 2,9. 1,2 1,9 0.4 0,67
44,5 1.7 55 40,2 4,1 2,2 3.2 0.46 0.64
48,0 1.8 57 0 2.0 0,9 13 0.54 0,79
52,0 2.5 56 0.1 3.1 2.4 2,7  0.80 0.9
Mean value 0.54 0,78

Standard Deviation 0.10 0.09

Tho results are presented in this way because all the
temperaﬁure profiles measured were of the same general shape and
each one could, within llmits, be represented by the same general

curve, (E--E%- )04 = (——) where T, and Lo have already been
defined and T is the temperature at a distance L from the position
of the first temperature rise, i.s, Lo = L from the flame front.
The power 0,4 was calculated using the mean values of E%;g and

5%25 for all the above runs namely E%;g = 0,54 and 19,5 = 0.77.
o

In order to éxamine whether or not the same ggrve could
be used to express the results for the three different liquids,
Wstudents" t test was applied to the data to test the null
hypothesis that each of the three sets of results was a sample
drawn at random from the same universe, This test showed that
the differences between the three sets are not significant and they
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may therefore be treated in terms of a single correlation., In
addition variations in the values of these ratios for a particular
liquid appeared to be due to random causes since no correlation
could be found with any other variable, It was considered that
these factors justified the use of a single curve to represent the
results for all twenty seven runs, since any result could be
adequately speclfled by substituting T¢ and Ip in the expression

(T : TL 9 (IB) This expression is plotted in Fig. 3+13 on which

are also shown the mean experimental values of 0.2 ong ___2
To examine the way in which L, varies w1%ﬁ changin§ experl-
mental conditions, Fig. 3.14 shows L, plotted against Te-Ty for each
liguid, There is a statistically significant linear correlation
"between L, and T, for each liquid, the following straight line
relationships being obtained:-
For butanol:- Lo = =0.21 (T, - 40.7)
correlation coefficient =-0.95, degrees of freedom = 5
correlation is highly significant
For amyl alcoholi= Ly = =0,11 (TL - 52.6)
' correlation coefficient = -0,74, degrees of freedom =7
correlation is significant
For hexanoli= Ly = = 0,16 (Tf, = 63.6)
correlation coefficient = -0,79, degrees offreedom = 9
correlation is highly significant
Although these temperature profiles are discussed in detail
in Chapter 5§ some of the more important results will be considered
here, Firstly, in 3.4.2 it was suggested that before a flame can
enter a particular region the liquid must first have been preheated
to its flash point if its initial temperature were lower than its
flash point., The values of T, listed in Tables 3.19 - 3,21 tend
to confirm this, T being the measured temperature to which the
liguid was preheated at the moment of the flames arrival, For
a particular liguid these values of T, lie close together;
differences may be due either to a genuine variation in Ty or to
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a minor error in the synchronisation of thé flames position with
the temperature profile. The latter explanation seems more likely
sincg most deviations could have been produced by an error of less
than 0.2 seconds in the synchronisation.

A comparison of T, with the value of the flash point for
each liquid (Table 3.15) shows a close agreement:-

Butenoli- Flash point = 35%; T = 37%

Amyl Alcohol:= Flash point = 41°C; T, = 41°C

Hexanol:~ Flash point = 58°%; Te = 57°C

This close agreement is further evidence in favour of
the suggestion made concerning the flame's mode of propagation
vhen Tg < Tp.

In the correlations between Ly and T, for each liquid
a further temperature appears. This temperature is an extra-
poloted value of Ty, for Ly = 0, In 3.4,2 the possiblity of the
flash point being the significant temperature in connection with
the flames first arrival at a point and the fire point being the
significant temperature in connection with the stabilisation\of
the flame at a point was mentioned, This suggests a'possible
significance for the bemperatures appearing in the correlation
between Ly and T,, The difficulties involved in the measurement
of .the fire point were discussed in Chapter 2 and it is not
possible to make a direct comparison between these temperatures
and the fire points of the liquids concerned, For butanol and
hexanol these temperatures are 4°C and 6°C higher than the values
determined for T,, but for amyl alcohol the difference is 129,
Since it is for amyl alecohol that the scatter of the experimental
points is greatest this value is the least reliable of the three.
This comparison between the extrapolated walues of Ty, for Lo=0
and Ec tend to support the view that flame propagation is
stabilised at a point where the temperature is a few degrees
higher than the flash point and this temperature may be the fire
point, PFurther evidence is necessary before.the case for this
viewpoint can be stated more strongly however., These matters are

discussed further in Chapter 5.
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APPENDIX TO CHAPTER THREE

Experimentally determined values of the rate of
spread of flame across a liquid surface

List of symbols used

temperature setting of thermostat °c
temperature assumed by inflammable liquid %
‘time measured for flame to spread 26cm.  soccuds

average rate of spread of flame = %é cm/sec.

66.



CONTENTS

67.

Table No, Liquid % Water Channel Width Volume of  Depth
inches liquid used ecm.
ml,

3.2 Amyl Alcohol © 1.3 150 0.15
3.3 Amyl Aleohol O 1.3 200 0.20
3i4  Amyl Alechol O 1.3 250 0.25
3.5 Amyl Alcohol O 1.3 300 0,30
3.6 Amyl Alechol O 1.3 400 0.40
3.7 Amyl Alcohol O 1.3 500 0.50
3.8 " Hexsmol 0 1.3 200 0.20
3.9 Hexanol 0 1.3 250 0.25
3.10 Amyl Aleohol & 0.9 250 0.25
3.11  Amyl Alcohol © 2.5 250 0.25
3.12 Hexanol 0 2.5 250 0.25
3.13  Amyl Alechol 1 1.3 250 0,25
3.14  Amyl Aleohol 2 1.3 250 0.25
3.15  4myl Alechol 4 1.3 250 0.25
3.17 Propanol 0 1.3 250 0425
3.18  Butanol 0 1.3 250 0.25
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TABLE 3.2 TABIE 3.4
Tt T, oty R LA
25 22.4 Flame digpgggé 19 16.4 59 0.44
25  23.1 " 19 6.4 58 045
30 27.0 n 20 18,4 48,2 0.54
35 31.5 n 20 19.5 63.0 0.41
TABIE 3.3 0 180 560 0.
20 18,9 615 0.42
25 2.3 60,5 0,43 20 18,0 60.0  0.43
25 22.5 52.5 0.50 25 22,5  44.2 0.59
25 22,9 55.5 0.47 25 22,8 44.8  0.58
25 23.0 58.5 0.44 30 26.5 31.4 0,83
25 23,1 56,0 0,46 30 27.0 31,0 0.8
25 23.3 53.3 0.48 35 31,0 19.6 1,33
30 27.4 26,5 0,98 35 31,0 22,0 1,18
;353 z;z ;i.i(l);.;): 35  30.5 2.0 1,18
. . (2) 253 40 35,5 13.2 1.97
30 27.4 30.07°0.87 40 35,0 13.5 1.93
30 275 31.20,¢3 5 39.0 8.8 2.9
30 27.6 30.0(4)0.87 45 39,0 9.0 2.89
35 317 19.5 1,33 50 43.5 44 5,90
35 31,7 19.4 1.34 50  43.5 4.8 5.42
40 35.5 13.0 2,00 50  43.1 4,465 5,82
40 36.1 13,3 1.9 53 46,1 2.0 13,00
45 39,0 8,7 2,98 55 47,0 0,685 37.96
45 40.5 7.4 3.51 55 47,0 1,194 21.78
45 40.8 7.6 3,42 55  47.5 0.408 63.72
(1) wick 2" from end 56 48.7 1.418 18.33
(2) n 3n w 57 49.4 0,700 37,14
(3) noogn n n 58 49.5 0,430 60,46
(4) w 7v v 60 52,7 0.197 132.0
60  51.0 0.226 115,0
60  51.5 0.265 98.1
60 51.7 0.313 83.1
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TABIE 3.5 TABLE 3.6
Tp T1, t v Tp T1, t v
20 17,4 39.0 0.67 ] 20 19.0 - 30.6  0.85
20 17.8  45.5 0.57 20 19.0 27.0 0,96
25 22,0 39,0 0.67 25 23.2 30,6 0,85
25 22,0 35.0 0.74 | s 23.2 31.4  0.83
25 22,0 32.2 0u8l| 22.5 23.2 L.12
25 232 325 0.80| o5 g9 26.0  1.00
35 223 350 074 a5 30 25.8 1.0l
30 26,7 24,5 1,06 | 25 23,2 23,0 1,09
30 27.8 18,5 141 25 23.0 28.4 0,92
30 27,0 32.0 0,81 | 130 26,3 21,0 1.24
30 27,0 29,7 0.88 1} 130 26.5 24,1  1.08
30 27.0 27.5 0.95{ 30 2%.9 25,5 1,02
30 27.0 273 0.95 | 3¢ 27.0 17.0  1.53
35 317 19.4 134} 39 27. 23.0 1,13
35 3.7 199 131 35 27.0 22,2 1,17
35 3.2 20,0 130 35 31,07 15.0 1.7
45 3%2 103 2.52| 35 31,0 14,9 1,74
45 40,2 7,8 3.33 | 35 311 14,0 1,86
45 405 9.8 2,65 35 31,0 19.5  1.33
45 405 9.1 2.8 | 35 31,0 9.2  1.35
45 39,2 84 3.10| 40  35.5 10.8 2,41
40 35.6 10,6 2,45
TABLE 3.7 0 35.6 10,0  2.60
25  23.0 26,0 1,00 | 40 36,1 12,5 2,08
25 23,0 22,4 1.16 | 45 40,1 6.4 4,06
30 27,7 16,6 1,57 45 40,0 6.4 4,06
30 27.4 19,7 132 | 50 43.0 4.0 6,50
30 31,4 15,7 1,66 | 50 43.0 4.2 6,19
35 3l.4 16,0 1,63 ' '
40 36,1 14,7 176
40 3.3 12,5 2,08
50 43.0 4.3 6,05
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TABLE 3.9

TABLE 3.8
T TL, t v Tp TL, t v
25 23,2 194  0.13 | 25 23.1 80 0.33
25 23.6 200 0.13 | 25 23.2 64 0.41
30 27.5 68  0.38 | 25 23.8 64 0.41 |
30 27.8 - 72 0,36 | 30 27.2 4 0.62
35 31.7 49.4 0.53 | 30 28.3 50 0.52
35 31.6 43.8 0.59 | 35 31.6 36,7 0.71
40 35.7 35.7 0,73 | 35 31.6 36,7 9.71
40 35,7 36,3 0,72 | 40 3643 34,1 0,76
45 40.0 28,5 0,91 ] 40 36.4 31.1  0.84
45 41,0 310 0,84 | 40 3642 32.4 0,80
45 41,0 26,2 0,99 | 45 41,0 26.1  1.00
50 249 22,9 1.14 | 45 41,0 28.4 0.9
50 45,0 22.1 118 | 50 45,0 277 115
55 47.5 16,3 1,59 | 50 44,7 21,1 1.23
55 47,0 18,3 142 | 55 48,9 14.3 1.8
60 51,4 13.3 195 | 55 48,4 6.4 1.59
60 50.8 12,7 2,05 | 60 51,9 R.5  2.08
| 60 515  13.6 191
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TABIE 3.10. TABLE 3.11
Tr Ty, t v Tp T b v
25 23,3 65.0 0,40 25 23.0 21.7 1.20
25 23,3 8.3 0.30 25 23.1 23,6 1,10
25 23,2  77.8 0,33 25 23.4  23.0 1,13
30 27.5 32,4 0.80 30 27.0 17.3 1.50
30 27.6 48,4 0.54 | 30  27.3 19.1  1.36
30 27.5 31,5 0.66 30 27.7 18,0 1.44
35 31,7 24.5 1,06 35 31.9 3.1 1.98
35 31.6 26,3 0,99 35 31,9 13,6 1,91
40 35.5 19,0 1,37 40 36.4 10,5 2.48
40 35.3 25.3 1,03 40 364 10.4  2.50
40 36.0 19,2 1.35 45 40,4 6.3 4,13
45 39,4 14,0 1.8 45 40,0 6.4  4.06
45 39,6  10.4 2.50 50 42,7 4.9  5.31
45 39,4  10.4 2,50 50 42.5 4,0 6450
50 443 3.5 7.43 |
50 44.2 5.4 4,81
TABLE 3,12

Tp T1, t v

25 23.9 47,0 0.55

25 23,9 - 48,5 0,54

30 28,0 36.0 0,72

30 27,8 35,0  0.74

35 33.0 27.8 0.94

35 32.8 28.5 0.91
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TABLE 3.13 TABIE 3.14
Tp Ty, t v Ty Ty, t v
25 22,6 78 0,33 | 25 23.5 122 0.21
25 22,7 78 0,33 | 25 23,5 128 0,20
30 26,7 58  0.45 | 30 26,8 91 0.29
30 26,8 57 0,46 | 30 27.0 87 0.30
30 26.3 41 0,63 | 30 27.0 68 0.38
30 26.3 57  0.46 | 30 27.0 87  0.30
30 27.0 57 0.46 | 30 27.0 8 - 0,30
35 31.2 30  0.87 | 35 30.5 49 0.53
35 31.1 35  0.74 | 35 31.1 45 0.58
35 3.2 ° 39  0.67 | 35 31.1 49 0.53
35 31.6 40  0.65 | 35 31.0 50 0.52
35 31.2 40  0.65 | 40 35.5 30 0.87
40 35,8 14.7 177 | 4 35.5 27 0.96
40 35.7 16.3 1,60 40 35.5 32 0.81
40 36.0 23.2 1,13 4 40 36.4 24 1.08
40 35.9 24,0 1,08 | 45 39.3 14,0 1.8
40 35.5 25,0 1.04 | 45 39.7 13.3 1.95
45 40.0 18,0 1l.44 | 45 39.7 13.0 2,00
45 40.5 13,0 2,00 50 43.5 5.3 4,90
45 40.0 3.0 2.00 | 50 43.0 6.0  4.33
45 40,0 13.6 1.91
45 39.5 1.0 2.36
50 43.7 4.6 5.65
50 44.1 5.0 5,20
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0.131

TABIE 3.15 TABIE 3.15 (cont'd)
Ty Ty, t v Tp Ty, t v
25 22,3 174 0,15 40  35.2 2  0.62
27 24,1 200 0,13 40  35.2 62  0.42
27 24,2 160 0,16 0  35.0 54 0.48
30 26,7 133 0.20 40 35.2 66 0.39
35 30.5 91  0.29 40  35.2 65  0.40
35 30.5 9%  0.27 45 39.2 3¢ 0.76
TABLE 3.17 TABIE 3,18

25 21.7 1.383 18,80 | 25 22,2 9.7 2,68
25 22,2 1.493 17.4 25 22,2 9.9 2,63
25 22,1 1,527 17.0 30 26,6 7,0 3.71
30 26,0  0.574 45.3 30 26,5 7.0 3.M
30 26.0  0.669 38.9 35 30.9 5.1 5,10
30 26,0 0,816 31.9 35 30,6 5.0  5.20
35 3.0 0218 1193 | 40 349 2.7  9.63
35 30.5  0.212 122,6 40 35.3 2.3 1L.30
35 30.5  0.205 126.8 | 45  39.2 0,751 34.6
40 35.3  0.124 209.7 | 45 39.0 0,957 27.2
40 35.5 0,117 222.2 | 50 43,0 0,201 129.4
45 39.2  0.136 191.2 | 50 42,7  0.202 128.7
45 38,5 0.116 224.1 { 55 46,2 0,138 188.4
50 43,0  0.113 230.1 | 55 46.3  0.137 189.8
50 8.0 038 674 1 o0 sm 0136 1912
50 42,5 0,126 203.1

50 52,0 198,5 60 52,5 0,128 203.1
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CHAPTER _FOUR

THE SPREAD OF FLAME_ACROSS A LIQUID SURFACE -

EXPERIMENTAL WORK PART IT

4,1, The oxperimental vessel

In Chapter 3 experimental work carried out using a combustion
trough 40" long and 5" wide was described. As a result of the experience
gained in this section of the sxperimental work it was concluded that
there were matters of interest which could be studied more conveniently
in a smaller experimental vessel, These matters were the effect of
liquid flow on the flame's rate of spread, the effect of superimposed
air currents on the flame's rate of spread, and the factors affecting
the induction period i.e, the period between the ignition of the liquid
at a wick and the flame spreading from the wick. Furthermore it was
decided to study the shape of the flame front in the plane perpendicular
to its width and any visible manifestations of the interaction between
the spreading flame and the liquid surface. This necessitated the
construction of an experimental vessel in which both the walls contain-
ing the liquid and the screens protecting the spreading flame from
draughts were transparent.

Two experimental vessels of this type were constructed. In
each case the base and ends of the vessel were made from aluminium
channel 13" x ", 1In order that the results obtained might be directly
comparable with those obtained in the larger apparatus it was decided
to use a wall separation of 1,3". Since the use of metal channel
offered the easiest means of construction 1" outside width channel
was purchased, this size being available only in aluminium. The piece
of channel for the base, 12" long in one case and 10" in the other, was
used with its open side downwards. At each end a piece of channel 1"
long was stuck vertically with its open side facing inwards.
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For the vessel 12" long, sheets of ‘'Armourplate! glass,

3/16" thick, were used for the walls. 'Armourplate! is a registered
trade name of Pilkington Bros Ltd., for a surface toughened glass
prepared by rapidly cooling the surfaces of the hot glass, It is
claimed for this glass that it will resist the stresses resulting frdm
‘a local temperature difference of 250°C, 1In practice it was found that
this glass resisted all the thermal stfesses to which it was subjected
in the course of the experimental work. For the vessel 10" long sheets
of ruby mica 0.005" thick were used for the walls. This vessel was
constructed because of the superior optical qualities of mica, Owing
to the susceptibility of the mica sheets to damage and the difficulty
in obtaining replacement sheets of that size (10" x 4") this vessel was
only rarecly used. :

The walls were stuck to the base with a 3" overlap and to
complete the trough, were stuck to the ends as well, The adhesive used
throughout was 'Araldite! epoxy resin of the type distributed in two
tubes, one of resin and one of hardener, This adhesive was the only
one of several tried which had sufficient heat resistant and solvent
resistant proporties for the satisfactory construction of a combustion
vessel of the type requiréd.

. In order that measurements of rates of spread might be made,
two lines 3" apart were inscribed on the base of each vessél, the first
one being 2" from the end.

The dimensions of the glass sided vessel were such that the
addition of 50 ml. of liquid gave a liquid depth of 0.5 cm. This
compares with a volume of 500 ml, of liquid required to give such a
depth in the larger vessel. '

When it was required to take measurements at a temperature
greater ﬁhan:room temperature the small combustion vessels were heated
by‘an clectric fire element which was placed underneath the channel
forming the base of the combustion vessel., The rate of heating was
controlled by supplying the element from a Variac auto-transformer.

This system was not very satisfactory however and the majority of
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measurements were taken at room temperature.

4,2, Steady state propagation

All the measurements made under this heading were made by the

methods described in Chapter 3, sometimes with minor modifications. To
measure high rates of spread for example the nylon threads were tied
to a strip of metal which was laid in the combustion vessel. Two
right angle bends in this strip of metal took it clear of the end of
the trough and it was clamped to a block outside the trough to hold it

in position,

4,2,1. Measurements of rates of spread

L series of runs was carried out using n-tutanol to determine
whether the duration of the induction period affected the steady state
propagation of the flame or if these two phenomena could be treated
independently., It was suggested in Chapter 3 that the flames behaviour
could be considered in terms of an induction period, a transition period
and a steady state period'and it would be desirable in any analysis of
the steady state period to regard events in that region as being
independent of events in the induction period. In Table 4.1 the
measured times for n-butanol to spread 3" under different conditions
are recorded. Three different wicks were used and in 4,5 results are
given to show that changing the size of the wick alters the length of
the induction period. The first column in Table 4,1 gives the tempera-
ture at which the run was carried out, the second column gives the
time measured and the third colum gives the average veloeity corrected
to a temperature of 22°C by means of the formila v =y - (T - 22) 0,2
where v'! is the velocity corrected to 22°C and v is the velocity
measured at an initial temperature of 1°C. This formla is based on
the results for butanol in Table 3.17.
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TABLE 4.1 © 25ml.n~butanol; depth=0,25cm,

7% t sec v! cm/sec.
Wick I 23.0 34 2.0
Height O.6cm, 23.5 3.7 1.8
v'= 1,94 cm/sec | 24.0 3.8 1.6
s = 0,22 24,0 3.0 2.1
25.0 2.7 242
Wiek II 24.5 3.2 : 1.9
Height 0.9 cm, 24,0 3.8 1.6
;':' 1.80 Cm/SGc 24.5 3.6 1.6
&= 0,17 23.5 3.4 1.9
23.0 3.4 : 2.0
Wick III | 21.5 3.0 2.6
Height 1l.2cm, 22.0 3.0 2.5
v'= 2,06 cm/sec | 25.0 , 3.0 2.0
6 = 0043 25-0 3.7 105
24,5 3.4 1.7

"Students" t test shows that the differences between these
three sets of results are not significant. It is probable therefore
that the equilibrium rate of spread of a flame is independent of the

duration of the induction period.
In Table 4.2 are given the results of flame spread measure-

ments made in the small vessel using butanol and amyl aleochol,
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TABLE 4,2
Liquid Depth (cm) 7% t sec v cny/sec.
Butanol ‘ 0.05 22 did not propagate
n 0.10 24.5 5.4 1.41
u 0.10 24,5 5.6 1.15
" 0.10 27 3.2 2.38
" 0.15 22.5 4.2 1.81
" ‘ 0.15 25 3.9 1.95
" 0.15 25 4,6 © 1,65
" 0.20 24,5 4.4 1.73
" ' 0.20 25 3.0 2.54
Amyl alcohol] 0.25 21 9.3 0.82
n 0.25 22 10.0 0.76
" 0.25 23 8.7 0.87
" 0,25 26 7.0 1.09
"o 0.25 28 7.4 1,03

4,2,2 Measurements of temperature profiles

When measuring temperature profiles in the small combustion

vessels the same experimental procedure was adopted as for measurements

in the large vessel. In addition to measurements made with the tip

of the thermistor at the surface of the liquid three runs were carried
out with the tip submerged to different depths. For these runs the
submergence of the thermistor tip was measured using a travelling tele-
scope. The results obtained from measurements in the glass sided
trough are given in Table 4,3; they are presented in a way similar to
that adopted in Tables 3.18 ~ 3,21,

A1l the profiles measured were of the same form as those
measured in the larger vessel with the exception of those made with
the thermistor tip submerged. These results are plotted in Fig. 4.1
to show the variation of temperature with depth in different positions

relative to the flame.
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TABLE 4.3

Liquid Depth of Submergence of TL v igey Io

Liquid Thermistor

cm, Sn. °c cm/sec, o cm,
Amyl alechol 0,2 0 18 0.66 38 3.7
Amyl alcohll 0.3 0 20 0.91 40 3.4
Amyl aleohol 0.4 0 21 1.00 41 3.3
Amyl alcohol 0.5 0 21 1.52 38 3.2
Amyl alechpl 0.5 0.114 22 1.43 36 3.2
Amyl alecohpl 0.5 0.215 23 1.27 29 15
Amyl alecohpl 0.5 0.336 23 1.52 23 0
Hexanol r 0.25 0 20 0.40 56 5.6

4.2,3, A comparison between the results of 3.4 and 4.2

A comparison between the results obtained in the large
combustion vessel and those obtained in the small one shows that they
are very similar although not exactly the same, For example the mean
rate of spread of flame across butanecl at 22°C as measured is slightly
lower in the small vessel than in the large. Whether there exists a
genuine difference between the two rates or whether the observed
difference is a chance one arising from the inherent small degree of
irreproducibility in the measurements can not definitely be established.
Factors which might alter the flame's rate of spread are the difference
in the nature of the walls of the channel (sindanu or glass) or in the
different conditions at thé base of the vessel., In the larger vessel
the base is of brass in contact with a large heat sink whereas in the
smaller vessel the base is of aluminium in contact only with air on its
lower face. In contrast,the measurements of rate of spread of flame
across an amyl aléohol surface show an increase from the larger vessel
to the smaller vessel. A possible explenation of this change is
contained in Fig. 3.5. This shows that in the steady state the time
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for the flame to travel 3" is approximately 12 seconds at 22.5°C.
However the time taken for the flamo to travel from a point 7" from

the wick to one 10" from the wick is only 9-10 seconds as this region

is part of the transition stage of the flames spread. Since the
measurements in Table 4,2 were made over this range it is probable that
for amyl alcohol the steady state rate was not measured. The actual
values obtained were much closer to the 9-10 second range than to 12
seconds, The values of the velocities in Table 4.3 are alsc somewhat
higher than the comparable ones obtained in the large vessel, These
discrepancies are not sufficient to remove the uscefulness of the smaller
| vessel but they do serve to indicate some of its limitations. The
temperature profile measurements show no important difference between
the results for the different vessels, The values of Ly for amyl
alcohol or hexanol at 20°C are approximately the same whether measured
in the large or in the small vessel. The fact that Lo remained
approximately the same for five different depths of amyl alcohol at the
same initial temperature while v increased from 0.66 cm/sec. to 1.52 cn/
"sec, is of interest, It demonstrates that the correlations between Ly
and Ty, given in 3.4,3 (e.g. Lo = 0.11 (52.6-T)) have a wider range of
applicability than is at first apparent since Lo does not appear to be

a function of liquid depth. This feature together with the variations
of temperature with depth below the surface in the ligquid as the flame
approaches (Fig. 4.1) are further discussed in Chapter 5. It should be
noted here however that the results shown onFip, 4.lare evidence in favour
of'the suggestions made in 3.4.2 concerning the temperature distribution
in the burning liquid since they confirm that the bulk of the temperature
rise occurs near the surface,

4.3, The effect of liquid flow on the flame'!s rate of spread

The effect on the flames rate of spread of flowing the
inflammeble liquid past the wick was investigated using the experimental
arrangement shown in Fig. 4.2. The inlet and outlet tubes were of
copper turned over and rendered oval, The system was primed from the
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reservoir A by ju&icious adjustments of taps B, C, D and E, the three
way tap E being used to remove air locks and any surplus liquid from
the system, The vesssel F acted both as a filter to remove balsa wood
particles, which were added to visualise the flow, and as a capacitance
to render the system more stable., The centrifugal pump was supplied
from a Variac by which means the rate of circulation of liquid was
contfolled. In order that the wick should not act as a weir it was
raised on to supports at each end and the liquid was allowed to flow
underneath it, ,

To carry out a run the system was primed with the liquid to
be burned and the pump was brought into operation on a suitable voltage.
Immediately before the liquid was ignited a series of small balsa wood
particles was dropped into the flowing liquid and the time taken for each
one to travel 3" was measured and recorded. When satisfactory agreement
as to the mean rate of flow of the liquid had been obtained the liquid
was ignited and the induction time and the time taken for the flame to
travel 3" were measured. The flame was then extinguished.

Runs were carried out using butanol with the wick at either
the inlet or the outlet end i.e., with the flow supporting and opposing
the flames progress in turn. The initialAtemperature was measured for
each run and all lay in the range 20-23°C. The results obtained are
plotted on Fig. 4.3 as Veygng against vijquig and as btinduetion against
Vliguid. This shows that when the flame is travelling in the same
direction as the liquid its velocity relative to the liquid is nearly
constant over the range measured, from 0-6 cm/sec. When spfeading
against the liquid flow its relative velocity decreases at first and
then increases again until it exceeds the velocity measured with the
liquid stationary. Under these conditions the flame was never observed
to be swept back by the vigour of the flow, The induction time is
observed to increase with liquid flow rate for both conditions suggest-
ing that the induction period is one in which hot liquid accumilates
near the wick and that any tendency to disperse this accumlation
inhibits the spread of the flame. For a liquid of high flash point
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it would appear to be easier to prevent the spread of flame during the

induetion period than during the steady state period,

4.4, The effect of superimposed air currents on the flame!s
rate of spread

In order that the effect of superimposed air currents on the
flame's rate of spread might be studied a centrifugal blower was clamped
to & bench and the combustion vessel was placed 3" from its outlet. The
centrifugal blower was supplied from a Variac and for different supply
voltages the pitot pressures in differenbt parts of the combustion vessel
were measured. As would be expected the linear velocity of the air
current decreased as the distance from the blower increésed. The
maximum decrease measured was of 30% from the value 3" from the blower
to the value 12" from the blower. In view of the fact that the current
of air was confined only by the vertical walls and not at the top of the
vessel such a decrease is not particularly large., The values recorded
and plotted for the air velocity were those measured 9" along the trough
"i.es 12" from the blower,

Runs were carried out using propanol and amyl alechol with the
air current supporting or opposing the flames progress, For the runs
with amyl alcohol induction times and the times to travel 3" were
measured and these are plotted as tinguction and Vflame against vair
in Fig. 4.4. For the runs with propancl the times to spread 3" only were
measured using the electronic timer described in 3,2.2. These results
are also plotted on Fig. 4.4. ‘

Propancl and amyl alcohol werc used for this work because the
disturbances to the system were applied in the vapour phase and, accord-
ing to the analysis in 3.4.2, vapour phase processes are controlling for
propanol at room temperature whereas liguid phase processes are controll-
ing for amyl alcohol., Fig 4.4 shows that for air currents up to 100 cm/
sec, the flames rate of spread across ah amyl glcohol surface changes
by only 20% depending on whether the flow is supporting or opposing the

flames progress, Above this value a supporting'current had & more
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profound effect, for example increasing the air veloeity from 120 cm/
sec. to 150 cm/sec increased the rate of spread by 150%., The flame was
not observed to spread completely across amyl alcochol against an air
current in excess of 190 cm/sec. The induction time increased steadily
as the velocity of the air current increased when the flame was trying
to spread against the flow, With the air flow supporting it however
the induction time was progressively reduced until with wind velocities
greater than 150 em/sec. it became too small to measure., This effect
resulted from the flame at the wick being blown forward on to the liquid
surface with a resultant increase in the heat transfer to the liquid,

The results for propanocl show similar trends to those for
amyl alcohol and again an opposing wind of velocity 200 eny/sec, is
sufficient to stop the flames progress., Results obtained with the air
current supporting are liable to error because the nylon threads were
fused by the top of the'flame which was being blown along ahead of the
position where the flame front met the ligquid surface.. The trends
revealed are probably correct thodgh since these errors tend to affect
both nylon threads by a similar amount.

4,5, The induction period

Although the major interest in the study of the spread of
flame across a liquid surface was focussed on the factors affecting
the steady state rate of spread of flame it was felt that an investiga-
tion of the events leading up to the attainment of this steady state
condition would be of wvalue.

Accordingly a series of experiments was carried out in- the
small combustion vessel to determine whether or not the delay between
the ignition of the liquid at the wick and the observation of the first
spread of flame from the wick (hereinafter referred to as the induction
period) was a reproducible property of the system and if so what factors
affécted the duration of this period. Furthermore measurements of
temperatures were made near the wick to determine the way in which heat
gpread through the liquid during the induction pericd in an attempt to
determine the eritical conditions for the spread of flame from the wick,
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4.5.1. The effect of wick size on induction time

Thirty runs were carried out using butanol at room temperature
to determine whether or not induction times were reproducible under
controlled conditions and to what extent they were affected by the size
of the wick used. The set of runs was carried out using three different
wicks (as described in Table 4,1) and two different depths of liquid,
five runs being carried out at each of the six different combinations
resulting. The order in which these runs were performed was randomised
to minimise any possible long term effects, The results obtained are
given in Table 4,4

TABIE 4.4

Volume,ml Wick Measured induction time Mean times(sec)
25 I(0.,6cm) 8.0,9.0,8.8,7.6,8.2 8.3
25 I11(0.9cm)  9,8,9.0,9.1,9.6,9.2 9.6
25  I1II(l.2cm) 11.5,11.0,11.2,9.5,10.4 10.7
40 I 15.5,16.8,17.0,17.5,14.0 16,2
40 II 21'8, 1809’1‘708,18¢2,l7.8 18.9
40 11T 19.5,18.6,19.2,21,2,17.5 19,2

These results show that under controlled conditions the
induction time as a measure of the behaviour of an inflammable liquid
is reproducible. It may therefore be regarded as having some direct
physical significance rather than as a phenomenon controlled by
apparently random causes.

_ For each of the two volumes of liquid used, there is a small
but clear cut difference between the induction times measured for the
three different wicks, The reason for making this investigation was to
see if increasing the size of the wick increased the rate of burning
and in turn the rate of heat transfer to the liquid. Such a change

would however have been reflected in a decrease in induction time with
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inereasing wick size. Visual observation -suggested that the reason
for the increase in induction time with increasing wick size was caused
by the extra time which the flame took to spread down the wick from the
top, wheare it was ignited, to the surface of the liquid. Since these
times were of the samo order as the differcnces between the results for
different wicks, i.e. about one second, it is probable that the bulk
of the heat transferred to the liquid was released in the area close to
. the liquid surface and the effect of altering the wick size is simply
to alter the time which occurs between, ignition at the top of the wick
and a flame becoming established on the wick adjacent to the liquid
surface. As the results of Table 4.4 show, the effect of altering the
liquid depth is very mch greater than the effect of changing the wick
size, This feature of the work was further investigated; the results

are given in 4.5.,2.

4.,5.2. The effect of liquid depth on induction time,

TABIE 4.5
Liquid Volume used,ml,| Measured induction time, sec. | Mean time
Butanol 20 9.2, 10.4, 10,1 9.9
" 30 14,8, 15.8, 13.8 14,8
n 40 18,8, 18.0, 18.0 18,3
" 50 22.0, 21.8, 24.8 22.8
Amyl alcohol 20 18,4, 18,0, 17.5 18.0
" 30 26.8, 26.8, 28.0 27.2
" 20 - | 34,5, 33.8, 36,4 34,9
" 50 43,2, 43.8, 26,2 44,3
Hexanol 20 78.5, 79.4, 83.0, 77.5 79.6
" 30 116, 127, 120 121
" 40 163, 180, 205 183
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The values of mean induction time given in Table 4.4 are plotted, against
the volume of liquid used, in Fig 4.5. It can be seen that for each '
ligquid it is approximately true to say that the ratio of the induction
times for two different depths of liquid is the same as the ratio of
the depths. An impiication of this result is that during the induction
period there is very little variation of temperature with depth in the
liquid since doubling the liquid depth requires a doubling of the heat-
ing time. Visual observation shows that during the induction period an
eddy becomes established in the liquid near the wick., Thus hot liquid
from the surface is continuously circulated through the depth of the
liquid, This would give rise to a more even temperature distribution
than would otherwise result which in turn would account for the variation
in induction time with liquid depth.

The Qifferences between the induction times for different

liquids are considered in 4.5.3.

4,543, The spread of hot liguid from the wick

In order to obtain further information on the factors controll-
ing the induction period temperature profiles near the wick were
measured. A further study of the manner in which heat spread through
the liquid was made by photographing the position of the boundary
between hot liquid and cold liquid. Owing to the difference in refract-
ive index this boundary could be observed and the variations in its
position were related to the temperature of the liquid as measured
directly. .

- 445,3.1, Temperature measurements

Runs were carried out with butanol, amyl alcohol, and hexanol
using the apparatus described in 3.2.3 to measure the way in which the
liquid temperature near the wick varied during the induction period.
The procedure adopted was to clamp the thermistor with its temperature
sensitive elemeﬁt at the surface of the liquid a known distance from
the wick., For a run the oscilloscope was reset and the liquid ignited
at the wick. Marks were made on the photograph of the trace by short
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circuiting the thermistor at a known time after ignition, at the time
of the flame spreading from the wick, and at the time of the flame
reaching the thermistor (when the distinction could be made between
the latter pair of times). When runs were repeated under the same
conditions very similar results were obtained,

Fig., 4.6 shows the results obtained using 25mil. of butanol
per run with the thermistor at distances of 1.2 cm,, 4 cm., and 6 cm,
from the wick. In the upper graph the temperature variations at each
of these distances are plotted. It is evident that 1.2 cm. from the
wick the liquid is prcheated to the temperature close to the closed
flash point of n~butanol, i.e. 3600, at the moment of the flame
spreading from the wick. However at 4 cm, and 6 cm, from the wick the
liquid is preheated only to 27°¢ and 24°C respectively at the moment
of the flame passing those points. In the lower graph of Fig. 4.6 the
results are re-plotted in a different form to show the variation of
temperature with distance from the wick at different times from ignition.

The corresponding graphs for results obtained using 50 nl,
of n-butanol and 25 ml, of amyl alcohol are given as Figs. 4.7 and 4,8
respectively, In the latter case the temperatures when the flame
passed the 4 cm,, 8 cm., and 12 cm, marks were 30°C, 2900, and 36°C
regpectively. For purposes of comparison the results for butanol and
amyl alcohol are re-plotted on the same graph (Fig, 4.9) together with
additional results for n-hexanol,

4.5,3.2. The optical effects of the temperature variations in the liquid

The refractive index of a liquid varies considerably with
temperature, If there are temperature gradients in a liquid then rays
-of light passing through the liquid will be deflected as a consequence
of the refractive index gradients. The effects of such non-uniformifies
of refractive index in an optical path have been described as schlieren.
In recent years, with the development of techniques based on the
intérpretation of schlieren images, this word has takeon on a speciéle

ised meaning and it is now most commonly used in connection with certain



°c.

TEMPERATURE

°cC.

TEMPERATURE

(,o
50r o
2
40}
%
?
30} o
Y
o'~
132%
=
o 1 1 1 —d ,‘
2 0 5 0o 15 20
TIME FROM IGNITION (seconds)
50

40

30

time from ignition
(seconds)

Flame spread after
I3 seconds

20 : i . -
o 2 A 6 8 10
DISTANCE FROM WICK {cm)
FIG. 4.6 INDUCTION PERIOD TEMPERATURE

PROFILES

25m|l BUTANOL.



°c.

TEMPERATURE

°c.

TEMPERATURE

S0r distance of thermistor
from wick(cm)
12 6
4
a0}
30F
20 p » 4 _ 3
0 5 10 IS 20 25
TIME FROM IGNITION (seconds)
50

40

30

20

time from ignition
(seconds)

Filame spread after
205 seconds

2 4 6 -] 10
DISTANCE FROM WICK (cm)

FIG. 4.7 INDUCTION PERIOD TEMPERATURE

PROFILES 50ml. BUTANOL,



distance of thermistor from‘

sof 15 wick (cm.)
4 8 12
U
o
w 40}
@
-
-
<
[+ 4
w
a 30
P
w
-
20 1 1 4 ]
o 10 20 30 40
TIME FROM IGNITION (seconds)
60
time from ignition
50 (seconds)
3]
)
w Flame spread atter
o 28 seconds
o
-
<
x
w
a
2
w
-

8
DISTANCE FROM WICK (cm)

FIG. 48 INDUCTION PERIOD TEMPERATURE
PROFILES 25 ml. AMYL ALCOHOL

10



sof
§)
o
w
a 4 OF
-
'_
<
('4 Measured 12 cm,
g from wick,
s 30F
w
-
‘ 1 1 i L _{ .
2OO 10 20 30 40 50
TIME FROM IGNITION (seconds)
60
Measured 4cm. from wick.
50F A
od Butano| Amyl Alcohol Hexanol
w
(o 8
DAOF
-
<
o
w
a
3
u_,30*-
’—
20 i ! ' ' d
0 10 20 30 40 50O
TIME FROM IGNITION (seconds)
FIG.49 A COMPARISON OF INDUCTION

Butanol Amyl Alcohol Hexanol

PERIOD TEMPERATURE PROFILES



88,

optical systems (38). However in this thesis the word 'schlieren! will
be used in its more general sense. The expression 'schlieren boundary!
is used to describe the boundary between a region in which no optical
disturbances are observed and a region in which temperature gradients
give rise to a distorted image of the liquid, This boundary can be
observed with the naked eye and photographed by casting a shadow of the
liguid on to a photographic plate.

During the induction period increases in temperaﬁure of the
liquid near the wick gave rise to a schlieren boundary which moved away
from the wick as the induction period proceeded. In order to determine
to which temperature of the liquid this boundary corresponded and to
trace its progress during the induction period ;rrangements were made to
photograph the position of this boundary at frequent intervals,

4 thin sheet of paper was attached to the outer face of one of
the glass walls of the combustion vessel., The vessel was illuminated
from the other side from a pinhole source of light, formed by focussing
the light from a high pressure mercury vapour lamp on to a pinhole in a
screen, This illumination caused a shadow of the liguid in the combustion
vessel to be thrown on to the paper screen; when the liquid was tmrning
at the wick the schlieren boundary could be observed on this screen,

A U.S, Army aerial camera, with a focal plane shutter and film
winding gear operated by a 24 volt D,C. electric motor, was modified by
removing its original lens and fitting an extending front with a 13.5cm,
focal length camera lens, With this arrangement a 90% life size image
was produced on the film; each frame was 53" square and a standard film
contained fifty frames, During a run this camera was focussed on to
the scréen attached to the combustion vessel and photographs were taken
at one second intervals during the induction period. Results obtained
using 25ml, and 50 ml, of butanol are shown in Fig, 4,10 where the
position of the schlieren boundary in relation to the wick is plotted
as a function of time for each run. It is of interest to note that
the position of this boundary a certain time after ignition is
approximately the same for both runs until the end of the induction

period for the 25 ml, run is aPproached.
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A comparison between the position of the schlieren boundary and
the shape of the temperature profiles is instructive. For 25 ml, of
butanol Fig. 4.10 shows that seven seconds from.ignition the schlieren
boundary is 4.4 cm., from the wick while at twelve and thirtoen seconds
from ignition it is 5.6 em. and 5.8 cm, from the wick respectively.

Fig. 4,6 shows that when the temperatures were measured directly the
first observed temperature rise 4.4 em, from the wick occurred after 7
seconds while at 5,6 cm, after 12 seconds a temperature rise .of O.BOG
had occurred and at 5.8 cm, after 13 seconds the rise was 0,9°C., For
50 ml, of butanol the schlieren boundary had reached 4 cm, and 6 cm,
from the wick after 5.5 seconds and 11,7 seconds respectively. When
measured directly (Fig. 4.7) the temperature rise at (4 cm. 5.5 seconds)
was 0.3°C.and at (6 em, 11,7 seconds) it was 0.6°C.

4,5,4, Discussion

The above measurements of the phenomena occurring during the
induction period together with visual observation of convection currents
in the liquid suggest that the following sequence of events occurs when
a liquid is ignited at a wick. Heat transfer from the flame to the
liquid gives rise to a region near the wick where considerable recircu=
lation of liquid occurs. Beyond this region a further convection current
becomes established which produces a net flow of liquid away from the
wick at the surface. When some critical condition is achieved, the flame
spreads from the wick and overtakes this convection current but during
this period the flame is still stabilised at the wick because the liquid
has not been sufficiently preheated to maintain combustion above it,

As the flame reaches the oxtent of this convection current the transition
to the stabilisation of the flame at a moving point on the surface

oceurs and the steady state rate of spread and temperature profiles
become established.

From the available evidence it would seem that the duration
of the induction period is controlled mainly in the zone of recircula-
tion next to the wick, Temperature measurements 1-2 cm. from the wick
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(which is about the limit of the zone of recirculation) show that when
the flame first spreads from the wick the temperature at this point

has risen to or beyond the closed flash point of the ligquid, The
circumstances where the liquid is heated above its closed flash point
without the vapour above it becoming ignited (which is a strictly local
condition confined to the vicinity of the wick) may arise because the
chimmey effect of the flame burning on the wick draws the surrounding
air end vapour to it., Therefore until the rate of evolution of vapour
increases the inflammable vapour may be drawn into the flame instead of
the flame spreading into thé inflammable vapour., In these circumstances
it is difficult to deduce a critical condition for the spread of flame
from a wick end this matter is obviously one which would benefit from

further experimental investigation.
It is evident however that whatever the nature of this critical

condition it must be direetly related to the temperature of the zone of
recirculation; because of the way in which the induction time varies
with liquid depth it has been suggested that the temperature of this
zone is subsbantially uniform throughout. Reference to Fig, 4.9 shows
that it is far more difficult to heat this zone by 10% from‘50°C to
60°C than it is from 20°C to 30°C. The temperature/time curve for
hexanol at 1.2 cm. from 25 seconds onwards is characteristic of a region
which is being supplied with heat at a constant rate and which is losing
heat at a rate proportional to its temperature, Induction times for
hexanol (Teble 4.5) are disproportionately large for this reason,

" The transition period, which occurs after the flame has
started to spread.from the wick and before the steady state conditions
of propagation have been achieved, is the least important of the three
types of behaviour which may be distinguished, viz;- induction, transi-
tion, steady state propagation. ‘

The transition period did not seem to control the flames
behaviour in any way. In the vast majority of investigations made the
flame spread from the wick and the transition to steady state propaga-
tion occurred. In the only circumstances where the flame failed to
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propagate (amyl alcohol, 0.15 cm, depth), the flame showed no tendency
to spread from the wick. This failure is therefore a further matter
relating to the induction period which requires examinaticn.

A situtation was never encountered in which the flame spread
from the wick and then failed to propagate completely. Thus, once the
induction period had been successfully completed, the transition to
steady state propagation always occcurred,

The state of information on the induction pericd may be
summarised as follows. Preliminary measurements on matters affecting
the duration of the induction periocd have been made, Qualitative
explanations of some of these results have been given and other matters
which require investigation have been discussed., At this stage it is
notvpossibie to arrive at any definite quantitative explanation of the
controlling phenomena nor is it possible to state the critical condition
which characterises the ending of the induction pericd., Further experi-
mental work would make such information more accesgible.
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CHAPTER

THE FLAME A4S A HEAT SOURCE

5s1. Introduction

In earlier chapters it was suggested that when the initial
temperature of a liquid is less than the closed flash point of that
liquid the rate of spread of flame across its surface is controlled by
heat transfer processes. Any detailed analysis of the experimental
results should therefore be based on a consideration of the effects of
heat transfer from the flame to the liquid surface and from the liquid
surface to the bulk of the liquid. In the present state of knowledge
of heat transfer processes it is impossible to determine these effects
exactly; any estimatc of the rate of convective heat transfer from
the flame to the liquid, for example, must be based on empirical
formilae derived for different circumstances. :

Even if a reliable astimate of the rate of heat transfer to
the liquid could be made it would still be necessary to consider how
this heat would spread through the liquid. It is quite possible to set
up the differential equations for combined conduction and convection in
a gas or liquid, based on Fourier's equation for heat conduction (37),
and the hydrodynamic equations for motion in a fluid under the influence
of external forces such 4s the buoyancy forces which give rise to
convective heat transfer (39)(40). These equations can not however be
solved as they stand. Solutions for them have been obtained by making
limiting assumptions and applying them to the most simple circumstances
(41) but the applications of these methods in their present state
appear to be few, An alternative approach is to apply the similitude
theory of Frank-Kamenetskii (42) for which the equations are re-written
in terms of dimensionless co-ordinates., Any critical conditions
relevant to the equations may then be regarded as functions only of the
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dimensionless parameters which result. Only a small amount of informa-
tion can be conveyed by this means however and it was felt that a more
complete means of interpreting the results would be desirable, In the
following pages such a method is outlined; it consists of solving the
heat transfer equations for conduction only and applying the solutions
to the experimental results. It was found that by adopting this
procedure a qualitatively consistent picture of the observed experimental
trends was obtained, Moreover for many of the experimental results a
qugntitatively consistent picture was obtained by substituting a value
for the liguid thermal conductivity many times greater than the'experi—
mentally determined one. Thus apparently many aspects of the flames
behaviour may be described by treating the effects of convective heat
transfer in terms of an 'effective thermal conductivity' and the
equations for heat conduction,

In the following pages a detailed description of this approach
is given together with its applications to the experimental results.
The necessary solutions to the equations are given in an appendix,

5.,2. Steady state propagation

Bofore proceeding to a detailed discussion of the experimental
results in terms of the feffective thermal conductivity'! approach the
physical model for which the differential equations are solved will ﬁe
oonsidered, First of all the model is a two dimensional one. Variations
along the flame front are not considered and it may therefore be regard-
ed as an infinite flame front spreading across an infinite liquid surface,
Secondly the flame is considered as a strip source of heat (width 2b,
heat flux Q) moving at a constant velocity (v) across the surface of
the liquid in a direction normal to itself. Since a steady state has
been achieved conditions relative to the flame are constant with time.
The system is therefore considered in terms of moving rebtangular axes
(veloeity v) on which the liquid surface is ip the plane g = %Aand the
strip source of heat is in the plane 2z = % and extends fromx = = b
to x = b, The direction of motion of the strip source is taken as
the x negative direction. Thirdly the inflammable liquid is considered
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in terms of an isotropic solid bounded by two infinite parallel planes.
Across one cf these planes (the liquid surface at z = %) a strip source
of heat is moving as described above. At the other plane (the bottom
of the liquid at z = o) no temperature rise occurs. Since the liquid is
in contact, through the metal base of the combustion vessel, with a
heat sink maintained at the initial temperature of the ligquid this is a
realistic condition to adopt, The temperature rise at a point (x,2) is
given by equation (5.4 ) of the Appendix to this chapter. This equation
is in a dimensionless form,

X+B o © :
c® = | n%.m e Ko [(u2+(2n*)2)%7 - Z " Ko/ Tu*(znn )2)% 7. du

X-B n=-o

- (5.4)

Ko(u) is the modified Bessel function of the seocond kind of order zero

X =pevx ~ szx
2K

pevb = G,vb
2K

8 - temperature rise

-+
In = 2 2 -4
BT [(3-1/2)° + (@nl+lyz ) 7t

B

Zn = %c;x[(z-l/g)z + (201 - 1/5- z)_z_‘/"i

Ct = Trpe
2Q

k, p, ¢ = thermal conductiviﬁy, density and specific heat respectively.

The numerical solution of eguation (5.4 ) is discussed in
detail in the Appendix to this chapter. At this stage the solution
for the surface temperature only will be considered (z=1/2).

If equation (5.4) is written as

X+B
CVe=/17 .

— a )
thén the values of / I/, are plotted in Fig. 5.1 against (a), with
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02.%/2.v as a parameter, for the surface temperature case, 2 = ;/2.
Only values for a<o are given because the progress of the flame is
controlled by changes occurring in the liquid ashead of it and this
direction has been taken as negative. Thus, from Fig. 5.1, if X+B = -1,
X-B = -2, and 02.1/2,v = 0,8 then C1V8 = (=0.88)- (-0,92) = 0.04,

(since 3: fx)dx = 3‘ flx)ax - i’ f(x) dx )

5.2+.1, Factors affecting the steady state rate of spread of flame

It has been shown experimentally that the rate of spread of
flame across a liquid surface is affected by the nature of the liquid,
the temperature of the liquid, the depth of the liquid, and the width
of the channel to which the flame is confined. In this section the
observed experimental effects of changes in these parameters will be

compared with the effects predicted by Equation (5.4)

In Chapter 3 it was suggested that propagation of a flame is
stabilised at the point on a liquid surface where the temperature has
reached a critical value (T' say). This point has the same velocity
as the flame front (v). T' is a constant for a particular liquid, From
Equation (5,4 ) a relationship between v and 6p, the temperature rise at

the flame front, can be deduced, At the flame front x = ~b
. -9 . -2B
Ce OVep =/ 1_7;23 A

This corresponds to the form in which Fig. 5.1 is plotted., Fig 5.1
may therefore be regarded as a graph of C,Vep against v.b with v.1l/2.1
K 2k

as a parameter., Of these quantities only €y (6p = T'-TL where TL is
the initial temperature of the liquid) and 1/, are varied independently;

v 1s a dependent variable and the other quantities are properties of the
system, From Fig. 5.1 it can be seen that if the experimental data

were to be plotted in the form v (T'-TL) against v they should tend

to a constant value of v(T' - TL), Moreover, if the results lie in
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the region where 2B > 1,3 there should be a single curve for the experi-~
mental data when plotted in the form v (T! - T) against vil/p

In order to obtain information on this latter point the first
prediction must first be verified and a value of T' determined, If
v (T'-T1) tendsto a constant value (A say) as v increases, when

v (T'=Tp) = & then & =171 -1,
v
If % is plotted against Ty therefore the data should tend to a straight
line of negative slope and intercept T'!' on the temperature axis, Figs
52, 5,3, and 5,4 show typical results for butancl, amyl alcohol, and
hexanol plotted in this way. (Tebles 3.4, 3,9, 3.18). For each liquid
the data tend.to a straight line of negative slope as predicted, Values

of T!', found by extrapolation, are

Butanol T! = 42°C

Amyl alechol T! = 48°%

Hexanol Tt = 62°C

Using these values for T! the results for butanol (four liquid

depths), amyl alechol (five liquid depths), and hexanol (two liquid
depths) were plotted in the form v (! - Tp) against v.l/z, (Figs. 5.6,
5.7, and 5.8). For purposes of comparison the form of such a curve
predicted by Equation 5.4 is also shown (Fig. 5.5). Points of
similarity between the predicted and experimental curves are that in
each case v (T! - T1) increases to a constant value and also that the
experimental results for different liquid depths all lie near the same
curve for a particular liquid. The co-ordinates of the peint at which
v (T' - Ty) becomes constant can be estimated from each graph. These are
Fig. 5.5 Predicted C,V6 = 1.0 C2.v.1l/p = 1,3
Fig. 5.6 Butanol Ve = 50 vil/y = 0.6 .. C4=0.020, C2= 2,2

Fig. 5,7 Amyl alcohol Vo = 25 vol/p

f

H
it

0.5 o C|=D.D4o, Ca =2.6

Fig, 5.8 Hexanol Ve =22  vel/p = 0.3 .°. C1=0.045, Gz =4.3
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Using appropriate values for C1 and Cs the predicted curve was
then re-plotted on Figs. 5.6 - 5.8 (the dotted line). This enables a
more direct comparison to be made in each cass.

The effect of channel width

In the above discussion all the results considered were ob-
tained using a channel width of 1,3 inches. For amyl alcchol resulis
were also obtained using channel widths of 0.9 and 2,5 inches (Tables
3.10 and 3.11) at a liquid depth of 0.25 cm, It will be assumed that
the effect of altering the channel width is to alter Q, the value of
the heat flux from the flame to the liquid, Although the amount of heat
liberated by the flame in passing over a given area of liquid surfase is
not affected by the channel width, it was suggested in Chapter 3 that at
small channel widths a greater proportion of this heat is absorbed by
the screens thereby reducing the net heat flax to the surface, In Fig.
5.9 the results for the three different channel widths are plotted in
the form v (T! - T}) against v.1/5. The same trends are revealed for
each curve while the constant value of v (T'! - Ty) is different in sach
case. These values are

| Channel width 0,9 inches (V8)p., ¥ 15 €1 = 0,067
Channel width 1.3 inches (Ve) .. =25 C, = 0.040
Channel width 2,5 inches (V8)p.y = 32 C; = 0,031

it

Since G is proportional to l/q this variation is as expected,
Using a value of Gy = 2,6 and appropriate values of G, the results of
Fig, 5.9 are re-plotted in Fig, 5.10 in the form G,V (T'-T;) against
C2.v.1/2, together with the predicted curve, The three sets of experi-
nmental results now lie on a single curve of the same general form as the

predicted curve,

5422, Tomperature variations in the liguid
The way in which the temperature of the liquid ahead of the

flame varies can be predicted from Equation (5.4). Two matters of
interest hers, for the purposes of comparison with the experimental
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results, are the distance ahead of the flame of the point at which the

first temperature rise occurs and the shape of the temperature profile
between the flame and this point. Equation (5.4) has been written

X+B
c,vo=/17/

X-B
At the position of the first temperature rise C,V8e = 0

. /1 JOI+B - /1 Jox-B

From Fig. 5.1 for G,Vey = 0.92 for example, this first occurs
when X + B = 1,1, This value of X+B therefore corresponds to the
position of the first temperature rise. A corresponding value of (X+B)

- (X+B)' say - can be measured for several values of C,VGF. These wvalues
are plotted in Fig, 5.11 in the form C,V.I, against C vop. 8ince at
the flame front x = - b, distances ashead of the flame front may be
written in terms of L= x + b, Therefore (X + B) = G,V (x + b) = GyV.Io.
Fig. 5.11 shows that there is a sﬁraight line relationship
between C,VQF and CZVLO. Thers is therefore an exactly similar relation=
ship between C,8, and C,Lo. Equation (5.4) therefore predicts the
following relationship between Loy the distance between the flame and the
point at which the first temperature rise occurs, and @p (= T' - Ty).

LO = 103 . _C_'_o eF
_ &
In Chapter 3 the following correlations between experimentally

determined values of Ly and TI were derived.

Butanol Lo = 0.21 (40,7-T1) El = 0,161
Cz .
Amyl alechol Io = 0,11 (52,6-T1) St = 0,085
C2
Hexanol Lo = 0,16 (63.6-71) C! =0,123
. %

Thus, equation 5.4 correctly predicts a linear relationship

between L, and TL. The values for T' in the above correlations may be
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compared with those obtained in the previous section, Butanol (4200)

and hexanol (62°C) compare closely. Amyl alcohol (48°C) does not compare
so closely but statistically, the above value of 52.600 for T! is the
leagt significant of the three. _

A further point of agreement between predicted and experimental
values for I, exists, Theory predicts that at a particular value of T1,
there is a single value of Ly for all liquid depths, This was confirmed
experimentally (Table 4,3).

The shape of the temperature profile ahead of the flame may be
predicted as follows, For Coevel/2 = 1, for example (assuming_ 28 > 1.3,

so that /17 ¥B = - 1

when -gF=o [17F® =-1 x+B=-13
€ =o.2 [IOX+B = = 0,8 X+ B =-0,55
op | |
- X +B
o .
8 =05 /1 =-0,5 X+B=~0,20
er £ ~7°

Adopting the notation of Chapter 3 (Tables 3,19 ~21)

oy

Loi2 = 1-055 =g,58; Ioe5 - 3. 0.20 =084,
1.3 Lo 1.30
Further investigation shows that the predicted values of these
ratios are independent of the wvalues of Cz.v.%/z or 2B, The predicted
temperature profile is plotted on the same graph as the experimental one
(Fig; 3.13), It is of the same general form as the experimental one but
somewhat displaced from it, Theory predicts that a single curve should
repregsent temperature profiles for all circumstances and this was confirmed
experimentally, v
Temperature variations in the bulk of the liquid can be predicted
from Bquation 5.4 (but not from Fig, 5.1 which applies only to surface
temperatures), The result of an experimental determination of the
variation of temperature with depth is shown in Fig. 4.1, 4 thecretical
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profile, which was calculated for the circumstances of the determination,
is also shown,

, These profiles are of similar shape but the agreement between
them is not particularly good, They both confirm that the bulk of the
heat transferred into the liquid ig concentrated near the surface as was

suggested in Chapter 3.

5.2.3. The slgnificance of the constants C: and Co

In 5,2.1 values of Ct and C, were obtained from rate of spread/

initial temperature curves, while in 5.2,2 values of C, Were cbtained from

; . C
temperature measurements. These two sets of values doznot agree, For
instance, from 5.2,1., values of C, and C, for butanol are C; = 0.020 and

Co = 2.2, giving a value of gé = 0,009, whereas from 5,2.2, gl = 0,161,
A possible axplanation of this difference lies in the fact thit in 5.2.1
values of Gt and C, were derived from measurements on quantities which
were controlled by the flow of heat downwards through the liquid, while
in 5.2.2, ElAwas derived from measurements based on the flow of heat
parallel tozthe surface., It would therefore appear that the liquid is
behaving not as an isotropic solid as assumed but as an anisotropic solid
with an 'effective thermal conductivity'! which is greater in the horizon-
tal direction than in the vertical direction, This is reasonable since
the bulk of the heat transfeorred to the liquid is concentrated near the
surface and the convection currents will therefore be concentrated there
as woll, The convection currents along the surface will be far more
effective in transferring heat than eddies in the bulk of the liquid,.
The derivation of Equation 5,4 was therefore repeated for an
anisotropic solid with conductivities Kr, Ky, K3 in the x, y and z
directions respectively and its principal axes of conductivity parallsl
to the geometric axes. This change does not alter the form of the
equation at all, it merely alters the significance of the constants

which become:~-

Ct = rpe
2Q

(K3)% ; C2 = 3221% when multiplied by
(Ky !
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quantities measured in the x direction = C,.; Cp = £¢ 3 vhen
2 KtK3) ‘

mltiplied by quantities measured in the z direction = Gy,

In 5.2.1y Gy = Cpz 5 In 5.2.2, Gy = Coxe

In Table 5.1 all the values of G, and Cp are summarized together
with the values of Q, Ki, K3, caloulated from them, For each liquid

Pc = 0,5 CeBeSe units.

TABIE 5.1
Quantity | Channel width 'Butanol Amyl aleohol Hexanol Amyl alechol
(inches) _ (revised)
Ct 1.3 0.020 0,040 0.045 0,040
g:. 1.3 . 0.161 0.085 0,123 0,108
Cox .
Caz 1.3 2.2 2.6 4.3 2.6
Ks 1.3 2.0 0.53 0.68 0.68
K3 1,3 0,0064 0,020 0.0048 0.013
Q 1.3 2.2 3,7 1.4 2.7
c, 0.9 0,067 0,067
Q 009 2-2 1.6
Gy 245 ' 0.031 j 0,031
Q 2.5 4.8 ‘ 305
Fx 5000 . 1300 1700 1700
Fz , 16 50 12 . 34
T 42 53 62 48

In this table all quantities arc expressed in c.g,s. units,
Published values for the thermal conductivity of butanocl, amyl aleohol,
and hexanol show a variation of only 1% for the different liquids.

The average thermal conductivity of these three liquids is
k = 0,00039 cal./cn.sec. (°C/cm.)
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In Table 5.1 the factor Fx = X!  and 7y = K3 ,
k I

The first set of values given for amyl alecchol in Table 5,1
is based on the correlation I, = 0,11 (52.6 - T1), Statistically, this
is the most significant correlation between the experimentally determined
values of Ly and Ty. However it has been shown above that the temperature,
52.600, should correspond with the value of T' determined from the rate of
spread/initial temperature data, For amyl alecohol T! = 48°C, An
agreement between these two temperatures exists in the data for butanol
and hexanol, To be consistent therefore the correlation between I, and
Ty, should, for amyl alcchol, be of the form L, = m (48 ~ Ty). Determining
m from the data of Table-3.20 by the method of least squares gives
Io = 0,14 (48 - TL)

The set of results in Table 5,1 headed - amyl alcchol (revised) -
is therefore based on the value m = 0,14 instead of m = 0,11, While
this is not the most significant value, it is the one based on the most
consistent argument, _

-The significance of the numerical values of K,, K3 and Q will
be considered in section 5.4.
5:2.4 A single eurve for all rate of spread measurements

An examination of Figs. 5.6, 5.7, 5.8 and 5,10 suggests that
all rate of spread measurements can be expressed in terms of a single
curve. Accordingly the best smooth curve through each set of data was
replotted on a gingle graph; the four curves lay close together and an
average curve was estimated from them, This curve is plotted as Fig.5.12

c -
in the forn & . (E TL) against C(V (T! = Tr). With the aid of this
/2) '

curve the rate of spread of flame across a liquid surface at a particular
temperature and liguid depth can be estimated for circumstances for which
T', Ct, Gy are known, Oz and T! are properties of the liquid which so
far are known only for butanol, amyl alcchol, and hexanols, Ci depends
on properties of the liquid and on the heat flux, which is affected by

the width of the channel,
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In order to estimate a rate of gpread in a particular set of
conditions the following procedure is adopted T',Cy and Cpy are found by
reference to Table 5.1. For a particular value of Ty, the liquid initial
temperature, and 1/2, the liquid depth, the value of Ci (T! ~ T; ) is

G2z (1.-/2%
found and, by reference to Fig. 5.12, the corresponding valud ©

Civ (T' - Ty), From this value, v is easily calculated,

This procedure was adopted for the canditions of a 1in 4
sample of all the experimental rate of spread measurements of Chapters 3 .
and 4 (neglecting those which were vapour phase controlled)'and the values
predicted by Fige. 5.12 were compared with the experimental ones. Express—

ing them in terms of the ratio V_(predicted) gave the following
V (experimental)

distribution of values.

v (prediCted) 005 - 0.7 0.7 - 009 009 - 101 101 - 1-3 1-3 - 105
V (experimental)

105 - 107
Percentage in range 2 7 63 24 2
2

Fig. 5.12 therefore gives a reasonably good idea of the value
of v under certain circumstances, without being highly accurate, The
variation between predicted and experimenfal values is roughly comparable
with the variation in the measurement repeated under the same conditions,
Since the experimental results were determined for thirteen different
combinations of liquid, liquid depth, and channel width and over a
temperature range of«40°G this agreement is promising.

5,3 __The induction period

The 'effective thermal conductivity' approach can be appliéd
to the induction period but the result is not so satisfactory as in the
cawne of steady state propagation, partly because of the shortage of
experimental data and partly because the situation is more complicated.

A description has already been given of how, during the induction period,
a region of intense reciiculation becomes established in the liquid next

to the wick, This would have the effect of obliterating any temperature.
gradients in the vertical direction in that region, It was found experi-
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mentally that doubling the liquid depth doubled the induction time, which
is consistent with this view,

Induction timestherefore are controlled by a mechanism which it
is not possible to analyse by the 'effective thermal conductivity' approach.
The variations in temperature outside this zone of recirculation can how~
ever be analysed in this way. The temperature rise at the surface of a
semi=infinite solid which is heated by a stationary strip source of heat
is given by Equation 5.6 of the Appendix, '

x+b @
o = 3 & ~u gy
« f; 52{5 L -zfz ¢ FJ . ds - (5.6)
where § = x/pc - =D
XS N
If this equation is written
- o X*h
e (K = T

then Fig. 5.13 represents [I J :’

From equation (5.6) it is apparent that the position of the
first temperature rise corresponds to some eritical value of (X - B), :
while from Fig, 5,13 it ocan be seen that this critical value is (X - D) =
1,6, Since (x - b) reprosents the distance between the heat source and
the position of the first temperature rise ( = a say) it follows that the

movement of this position should be given by the expression g4, ﬁ;c = 1.6,
Fig, 4,10 shows an experimentally determined relatggnship
between (a) and (t). In order to provide a comparison with the above form
a curve of the form : = constant is plotted %o give the best approxi-
mation to the experimental curve for 50 ml, butanol, From t = o to t = 15
seconds there is no noticeable difference between the predicted and
experimental forms of this curve. From the experimental curve ./% = 1,75

giving a value of fﬁé- = 1,6 , This corresponds to a value of X = 045
4K 75 -

cal./cmz. sec. (°C/em) (F = 370).
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Equation (5.6) can also be used to predict the variation with
time of the temperature rise at a point. This variation when plotted
in the form ]% againat J% should give a curve of the same form as Fig.
5.,13. If the temperature variations of Figs. 4.6 -~ 4.9 are plotted in
this way then points of similarity and dissimilarity emerge. The
results for butanol, amyl alcohol, and hexanol (for the first 25 seconds)
are similar in form to the curve of Fig. 5.12 but no exact comparison
can be made, They have in common the general description that the
tempefature increases at an increasing rate., However even this point
of similarity is lost for hexanol after 25 seconds, when the temperature
starts to increase at a decreasing rate (i.e. there is a point of in-
flexion in the temperature/time curve), Points of dissimilarity between
the predicted and experimental forms lie in the fact that results for
different values of x do not lie on a single curve when plotted in this
way, and in the detailed shape of the curves.

It was therefore concluded that while Equation 5.6 correctly
predicted the relationship ]% = constant for the position of the first
temperature rise it stood in need of modification for predicting other
aspects of the changes occurring during the induction period. It was
decided that such modifications could more usefully be made when further
experimental investigation of the induction period had led to a clearer

understanding of the controlling mechanism.

5.4 Discussion

The 'effective thermal conductivity' approach correctly predicts
several qualitative relationships between experimentally determined
quantities relevant to the rate of spread of flame.acrgss a liquid sur-
face., Extensions of this approach to the induction period have been
mede but with less satisfactory results.

The following relationships have been predicted by the
toffective thermal conductivity! approach and verified by experiment for
steady state propagation:-

i) When the rate of propagation, v, and the liquid initial temperature,
71, are plotted together in the form v (T' - T1) against v the value
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of v (T'—TL) increases as v increases until it attains a constant value.
ii) When the results for different liquid depths (1/2) are plotted in

the form v (T' - T;) against v.1/2 they 1lie on a single curve.
1ii) When allowance is made for the different net heat flux to the sur-
face at different channel widths, the results for different chamnel
widths lie on a single curve,
iv) A linear relationship exists between the distance ahead of the flame
at which the first temperature rise occurs (Lo) and the liquid initial
temperature, of the form

L, = m (' - 1)
v) The value of Lo is independent of the liquid depth at a particular
initial temperature.
vi) The values of T! obtained by extrapolating the rate of spread/initial
temperature data when plotted in the form %/V against TL; and the value
of T' obtained by extrapolating the position of first temperature rise/
initial temperature data are the same for a particular liquid. (This
did not apply to the data for amyl alcéohol).
vii) The temperature profile ahead of the flame when plotted in the form

%T:_E%i against %o‘is the same for each liquid and for each liquid depth,

The actual shapes of the predicted and experimental curves for
(i) and (vii) differed to some extent, but, as stated, the overall trends
were identical,

In addition to this qualitative agreement quantitatively consist-
ont solutions were obtained for all the above seven relationships if it
was assumed that the liquid was behaving as an anisotropic solid with a
thermal conductivity K, in the horizontal direction and i in the vertical
direction, Since the rate of spread of flame is controlled by the flow
of heat downwards through the liquid, as is shown by the effect of liquid
depth, the constants relevant to K3 are found from the effect of liquid
depth on the rate of spread. On the other hand, the position of the
first temperature rise is controlled by the flow of heat parallel to the

surface and information is thereby obtained on K,.
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Va;ugg Oﬁ Ki and K3 are given in Table 5.1 for each liquid,
together with Fx and F,, the factors by which k, the experimental thermal
. conductivity, must be multiplied to giﬁe K and Kj. (This discussion will

be econfined to the revised results for amyl alcohol as these are based on
a more consistent argument and are numerically more consistent than the
original results).

The values of Fx and Fz; may be regarded as a measure of the
relative importance of convection and conduction as heat transfer
mechanisms in the circumstances of the experiments. The pattem of heat
transfer in a liquid across the surface of which a flame is apreading is

one of high temperature rises near the surface and slow convection currents
along the surface away from the flame. This is consistent with the high
values obtained for F,, which show that from 2000-5000 times more heat is
being transferred ahead of the flame by these surface currents than would
be transferred by conduction alone.

A factor of some thousands is not surprising when rates of heat
transfer by conduction and convection are compared directly. The rate of
heat iransfer per unit area due to conduction is equal tok x (temperature
gradient) while the rate due to convection is equal to vpe.T, where v is
‘the velocity of the convection current. The ratio of heat transfer by

convection to heat transfer by conduction is therefore F = %g&%
dx
Typical values (from the literature or as measured) for the quantities in

this expression could be T = 20°C; %% = 10%/cm,; pc = 0.5 c.g.8. units;

k = 0.0004 c.g.8, units, These give F = vsoéoizo = 2500 v, Thus a

convection current of only 0.8 cm/sec. is required to give a value of
F = 2000 in these circumstances.

| The heat transfer into the bulk of the liquid is only 16-34
times greater than that which would result from conduction alone. This
suggests that the bulk of the liquid is disturbed by the effects of
conveetion, giving rise to some heat transfer by the movement of hot
liquid, but that this disturbance is gentle compared with that which
takes place at the surface.
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The highly directional effect of convective heat transfer in
the liquid which is suggested by the large differences between K: and
K3 is therefore consistent with the observed effects of the flame on the
liquid and with a priori reasoning,

In Table 5.1 values are given for Q, the heat flux from the
flame to the liquid, expressed in cal./sq. cm. sec, Since no values for
2b, the width of the strip heat source, have been specifiecd during the
analysis of the experimental data there is no means of cross checking to
find whether these values are reasocnable in terms of the total heat
release per unit width of flame front.

If it is assumed that the flame is 1 em, high and is spreading
through a weak limit mixture of alecohol vepour with air (which is an
approximate representation of the actual situation) then the rate of
heat release per unit width of flame front = c.v.l cal/cm.sec. where ¢ =
calorific value per unit volume of mixture, cal./c.c. For a.l,5% mixture

of amyl alcohol (calorific value 790 kg./mole) with air, ¢ = 1,5.790000
. 100 ~ 22400
= 0,52 cal/c.c. . + rate of heat release from flame front = 0.5 v.

cal./em. sec.

This rate of healt release compared with the values of Q in
Table 5.1 suggests thalt either the heat transfer to the liquid which
controls the rate of spread is concentrated near the flame front, or the
heat released in the flame front only répresents a fraction of the heat
transferred from the flame to the liQuid in the controlling region, or
the values of Q in Table 5.1 are too high.

A consideration of the way in which a flame spreads across a
liquid surface shows that all the hot products of combustion formed in
the flame front are retained, at any rate temporarily, between the flame
front and the liquid surface. It is therefore likely that the chief
meclianism by which heat is transferred to the liquid surface is through
the proximity of products of combustion at 1200°C to the liquid surface.
This is consistent with the view expressed above that at the effective
edge of the heat source the liquid temperature is slightly above the
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liquid closed flash point, i.e. that this edge is behind the flame front.
With alechol flames, wherc radiation from the flame is not important, all
the evidence is consistent with the view that the heat from the flame
enters the liquid at or bshind the flame front and any preheating of the
liquid 1s caused by the transmission of heat through the liquid., With
highly luminous flames it is possible that heat from the flame will be
transferred to the liquid surface ahead of the flame as well., This might
give rise to the position where T! was less than the closed flash point
bocause the leading edge of the heat source was ashead of tho flame. Since
however the flame front is not very high (about 1 cm,) the geometric
factor for radiation between the flame and the liquid surface will be low,
The behaviour of liquids givihg non luminous flames may differ in points
of detail from that of those giving luminous flames, but in general they
are likely to behave in a similar way.

From the preceding discussion it is apparent that the Teffective
thermal conductivity' approach is a useful and versatile means of inter-
preting the data obtained from a study of the factors affecting the rate
of spread of flame across a liquid surface. It enables the effects of
changes in conditions to be predicted and provides a means of assessing
the relative importance of various factors. Mechanisms of heat transfer
from the flame to the liquid and in the bulk of the liquid which are
suggested by this approach are consistent with those which are suggested
by other reasoning. A method of plotting the data, based on the predic-~
tion of the 'effective thermal conductivity' approach, enables the experi-
mental measurements of rates of spread of thirteen different sets of
circumstances to be represented by a single curve.

In view of tho wide measure of agrecment between the predictions
based on the 'effective thermal conductivity' approach and the experi-
mental results, it is concluded that the processes of convective heat
transfor in a liquid, across the surface of which a flame is spreading,
can be satisfactorily represented in terms of theequation for heat con-
duction and an effective thermal conductivity which has different values

in the horizontal and vertical directions.
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APPENDIX TO CHAPTER FIVE

The temperature variations in a solid associated

with a moving heal sourco.

Part I Steady state conditions

Part II Conditions varying with time
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PART T

Steady State Conditions

The differential equation for the unsteady state conduction

of heat.
30 + 30 + 9 = pc.d6 - (5.1)
ax* v dz* XK )
is satisfied by
0= oxp [-(x—x')l + (y=y' T & (z-2' )17 - (5.2)
8Kty K
po Pc

This form of equation (5.2) gives the temperaturo at a point
(X,¥42) in an infinite solid t seconds aftor tho instantancous
goneration of a quantity of hoat Qpc at a point (x', yi, z'). Thus
- oquation 5.2 givog tho temperature distribution due to an instantan-
oous point sourco of hoat of strongth Q at (x!,y',z') at t=0.
It is required to know the temperaturoc distribution in a
solid whonz-
i) Thoslid is bounded by two infinitc parallol planos.
ii) Tho solid is hoatod by an infinitec strip sourco of hoat moving
acrosg ono of its surfaces.
iii) The strip source of hoat is moving in tho dircotion perpendicular
to itsclf across tho surfacc of the solid. -
iv) Tho othor surfaco of tho solid is maintainod at its initial
tomporature.
v) Stoady state conditions havo boon achiovod.
Tho tomporaturc distribution in a somi-infinite solid hoatod

by a moving infinito strip sourcc of hoat has boon givon by Carslaw

and Jaogox (%7). It is:~
+B 1 )
6 —2 [ & x /[Z+u/® a  -(53)
TTPCV X-B
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1l

heat flux

v = volocity of hoat sourco

X =vxpc s 2= yvzpcs B = vbpc
2K 2K X

2b = width of hoat sourco
Ko(u) = modifiod Bossol function of tho socond kind of ordor

whoro Q

ZOT0,
Thoe diroction of motion of thc hoat sourco is takon as the x nogativo
diroction.
Sinco this dorivation has boon givon in full in roforonco

(37) it will not bc ropoatod horo. The solution for a boundod solid
(conditions (i) and (iv) abovo) is obtainod by the Mothod of Imagos
or by tho usc of Grocn's functions, Eithor of thoso mothods givos tho
following oxtonsion of Equation 5.3 whon conditions (i) and (iv) are
incorporatad.

X+B

©=_29 I g % Ko/ (u’s (Zﬁ)2 )71?" - ;%-ooe KO[(U "‘(Zn)zf7 du -

TWpev X-B n=-cw0
- (5.4)

where
Zh = pev 2 2 -%
= [z - 1/%) +(2n1 + 1/, - z) 7
- g .
Zh B [z -1/p) 4 (201 -1/ -8 T0

1/@ = distance between bounding planses.
The heat source is in the plane z = l/é

The other bounding plane is at z = o
Equation (5.4) is apparently original to the present work.

Tho solution for an anisotropic substance

Equations (5.3) and (5,4) were derived for an isotropic substance,
If a substance is anisotropic with conductivities K.,Ké,K3 and its

principal axes of conductivity parallel to the x,y, and z axes



113,

tho Equation (5.1) becomes

3o 2 Ry = po 3 -
K 29 30 K 2] P 9 (5.5
"= +K2"a—y-+ 3‘5?' c'%'t‘ )

If the solutions analagous to equations (5.3) and (5.4)
are derivod for an anisotropic solid there is no change in the form

of the oquations. Tho only changes are in the wvalues of the constants

which bocomoes—

X = %%?9 3 B= ¥bpo 3 2Z=ywvzpc .3 _28 = _2Q (EL j%

2K, 2(K,X3)® Tpev VeV Ky
Similarly in tho expressions for Zn and Zn, K bocomes (K.KS)%;

Thus the solutions for an isotropic substance and for an
anisotropic substance may both be written in the form C:VO:EéE,B,Z;7
but tho significance of tho constants is differont in the difforent
oircumstanceos.

The numerical solution of Equation (5.4)

In roforence (45) values of Ko(x) — p.737 ~ and e~ Ko(x)
~ pe 698 - arc tabulated. Since only the solution for x negative
was required (i.e. ahoad of the flame front) values of e > Ko(x) were
calculated. Values of o Kb[(u‘+ z') l were then calculated for
values of u ranging from zero to minus two and of z ranging from zero
to thréc. These ranges adequately covered the possible range of
values of the above function for u negative. The values were then
plottod and by graphical integration values of _ﬁ euKQl(u + 2 )%1du
were found for values of a from zero to infinity and of z as before.
This integral was plotted as a function of (a) and (z). From this
grarh solutions of Equation (5.4) may be obtained by substitution,
In order to facilitate the use of Equation (5.4) further calculations
were made for the special case where z = l/é i.e., at the liquid
surface. The results of these calculations are shown in Fig. 5.1
for values of 1/2 from zero to infinity. Values of
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a
j o% Ko/(u'+ z )2/ du are given in Table 5.2. These values may
° be used for the calculatlon of temperatures other than at the surface.

TABLE 5,2
Rg 0.1 0.2 0.4 08 1.6 o |
0 0.33 0.50 0.71 0.89. 0.98 1 T
0.1 0.215 - 0.376 0.575  0.753  0.844 0.856
0.5 0.086 0.159 0,273  0.405  0.480 0.493i
0.9 0.046 0,085 0,151 0,233 0,293 0,305
1.5 0.020 0.038 0.067  0.105  0.135 0.140]
2.0 0,011 0.020 0.036  0.058  0.080 0,084:.
3.0 0.003 0.006 0.011  0.018 0,027 0.029]
PART IT

Conditions varying with time

In reference (37) an equation is given for the temperature
distribution in an infinite solid dué to a stationary line source,
before the attainment of steady state conditions. An extension to this
equation gives the temperature distribution in a semi-infinite solid

due to a strip source of heat., This is:-

X >
R RE Iy £lgeg® - )

- LR <
where T = x + ¥y

r=zfpc b=D [pc
2JK% 2V Kt

2 b = width of heat source
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The exponential integral is defined by:-

T
—Ei(—x)sl &, au

This integral is tabulated in reference (46).

A numerical solution to Equation (5.6) is therefore obtained
by solvingjD - Bi (—ZQ).dz. Values of this integral are plotted against
(a) in Fig.? 5,13 ‘
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CHAPTER_ 6

CONCIUSIONS

Before starting experimental work a review of the properties
of inflammable liquids was made (Chapter 2) in order to decide which
properties were likely to be of importance with fespect to the spread of
flame across a liguid surface. This review suggested that the closed
flash point was the temperature of greatest significance since, in
principle, at this temperature the composition of the vapour/air mixture
at the liquid surface becomes equal to that of the lower limit mixture.
Published walues of open and closed flash points were shown to be
consistent with the view that the open flash point is linked to the
closed flash point in an arbitrary mamner which depends on the way in
which vapour diffuses from a liquid surface.

It follows that, the vapour above a point on a ligquid
surface can not be ignited unless the temperature at that point exceeds
the closed flash point of the liquid, A distinction must therefore be
made between two different situations., If the initial temperature of a
liquid is less than the closed flash point, then before the flame can
spread into a particular region the temperature of the surface in that
rogion mist have becn raised to the closed flash point. The rate of
spread of flame is therefore affected by the difference between the
initial temperature and the closed flash point and by the presence of
an& heat sinks which affect the rate of temperature rise of the surface.
If however the initial temperature of the liquid is greater than the
closed flash point then an inflammable concentration of vapour is always
present above the liquid surface and thé rate of spread of flame becomes
independent of heat transfer processes in the liquid, The effect of
increasing the liquid temperature is to inerease the concentration of
vapour at the surface, which in turn, through the relationship between
mixture strength and laminar burning velocity, increases the rate of

spread of flame,
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The existence of these two types of behaviour was confirmed
oxperimentally. Measurements on butanol, amyl alcohol and hexanol at
initial temperatures below their closed flasﬁ points showed that the
rate of spread of flame was affected by the depth of the liquid and by
the channel width., Temperature variations in the liquids were measufed
while flame was spreading across their surfaces., These measurements
confirmed that a flame reaches a particular point on a. liquid surface
when the temperature there has been raised to the closed flash point of -
the liquid. In contrast to this, measurements showed that when the
liquid temperature was greater than the closed flash point the effect of
liquid depth and channel width disappeared,

In view of the importance of heat transfer processes in the
liquid a theory was developed which related the rate of spread of flame
to the initial temperature of the liquid, the liquid depth and the net
heat flux from the flame to the surface, This theory was based on the
expression of the effects of convective heat transfer in terms of an
effective thermal conductivity. This approach predicted seven qualitative
relationships between quantities which could be measured experimentally
and these seven relationships were confirmed by the experimental work,

A quantitative interpretation of the experimental data showed that in
the circumstances of the experiments the effective thermal conductivity
of the liquid is very mich larger in the horizontal than in the vertical
ditection. This is consistent with the observation of slow surface
currents established by the flame, which was made. The effect of these
" currents 1s to transfer heat along the surface of the liquid while heat
is transferred downwards only by minor recirculation in the bulk of the
liquid, ‘

A method'of correlating the data, which was suggested by this
theory, enabled the experimental results for thirteen different sets of
conditions to be represented in terms of a single curve,

Interpretation of the data suggested that while a spreading
flame first enters a region when the temperature there has been raised
to the closed flash point the progress of the flame is stabilised at a
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point vwhere the temperature is 457° higher than the closed flash point,
Although over a period the flame advances at a constant average rate,
under certain circumstances the flame advances with small scale fluctua-
tions. This suggests that when a flame enters a region it is not
necessarily stabilised there because the rate of consumption of vapour
nay exceed the rate of supply. Two sets of data give rise to the same
critical temperature for flame propagation independently. For each liquid
this temperature is 4-7° higher than the closed flash point and this
difference of critical temperatures may be related to the fluctuating
mechanism described above,

The produects of combustion from the flame front are released
near the liquid surface and it is concluded that, for the alecohols, the
main mechanism by which heat is transferred from the flame to the liquid
is through conduction and convection from these hot products, The
possible effects of radiation from the flame are discussed.

When the liquid temperature is greater than the closed flash
point the rate of spread of flame increases‘with liquid témperature
at an increasing rate. When a temperature is reached which gives a
stoichiometric vapour/air mixture at the surface a maximum rate of spread
is attained. When this temperature was exceeded no appreciable decrease
in the rate of spread was observed, in contrast to the findings of an
earlier worker (25) whose results show a pronounced maximum.

The problem of the spread of flame through a homogensousmixture
of vapour and air enclosed in a tube has been studied extensively. If
the flame were to spread through such a mixture as a plane flame front
its rate of spread would be equal to the laminar burning veloeity of the
mixture, However in practice the flame front takes up a parabolic shape,
not only because a plane flame front is an aerodynamically unstable
phenomenon but also because viscous drag on the products of combustion
at the walls of the tube causes an acceleration of the products at the
axis of the tube; the resulting concentration of the streamlines near
the axis of the tube also tends to displace the flame front from a plane,
A flame spreading in a tube therefore moves at a rate greater than the
burning velocity of the mixture; the definition of burning velocity then
only applies to an element of flame front, Since at the axis of the
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tube the flame front is normal to the direction of motion there must be
a flow of unburned gases away from the flame front, At increasing dis-
tances from the axis the velocity of this flow decreases and then changes
direction. The unburned gas ahead of the flame is therefore mixed,

The complications of the spread of flame in these circumstances
make it impossible to predict the rate of spread of flame through a
homogenous mixture of known burning velocity in a tube of known size,
The spread of flame through an inflammable vapour/air mixture above a
liquid surface is further complicated by the concentration gradient in
the inflammable mixture and the absence of any solid boundary between the
region where the mixture is inflammable and the region where it is not,

Certain aspects of the propagation of flame through a non
homogencous vapour/air mixture have been discussed elsewhere (43) but no
detailed analysis of the situation appears possible at this stage.

Laminar burning velocities of propanol, butanol, and amyl aleohol
have been measured (44) and each substance has a maximum burning velocity
of about 45 em/sec. which is close to that of the corresponding paraffin.
To relate this value to the maximum observed rate of spread across an
alcohol surface (200 cm/sec.) would require further detailed investigation,
For a particular run it would be necessary to know the shape of the flama
front, the concentration distribution of the mixture as burned (which
because of the mixing effect described above would not be the same as
the initial distribution), the local velocity of the unburned gas, and
the burning velocity/composition relationship over the whole inflammable
range. Only when such information has been obtained will it be possible
to relate the rate of spread of flame across a liquid surface, for liquid
temperatures greater than the closed flash point, to other properties of
the substance concerned,

In addition to the study of steady state propagation the
induztion period, between the ignition of a liquid at a wick and the
first spread of flame from the wick, was briefly studied, Sufficient
experimental work was carried out to show that matters relating to the
induction period were experimentally reproducible and measurements of
temperature variations and induction times were made under different
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conditions, No satisfactory criterion for the condition of first spread
of flame from the wick was found however and this matter also would benefit
from further investigation,
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