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AUTHORS' NOTE

The diffusion burning of liquids is of great thcoretical interest
and of considerable importance to the national economy. The authors have
confined themaelvas to a discussion of the diffusion burning of liquids
in tanks.

In the last fifteen years a considerable amount of experimental
‘and some theoretical material beariag on the physics of the combustion
of liquids in tanks has been accumulated; unfortunately, it has not been
widely published. Accordingly, there arose a need for collecting and
generalizing the results obtained. In writing this book the authors have
made use 6f all the material on the subject with which they are familiar.

The first part of the book is devoted to questions conmected with
the flammability and ignition of liquidas. In this section an important
Place is occupied by a description of the properties of mixtures of lig-
uids. Without this information it would not be possible to explain a
number of phenomeéna observed in the ignition and burning of mixtures of
liquids. The same knowlédge is also necessary for the correct interpret-
ation of certain laws governing temperature distribution in burning liqu-
ids.

The second part is devoted to the burning of liquids. The prob-
lems investigated include those connected with the shape and dimensions
of the flame, pulsations, temperature, radiation and various combustion
regimee. A description is given of the change in the composition of
1dquids during combustion and the results of measurements of burnup rates
are discussed. An important place in this second part is occupied by
an examination of the temperature distribution in burning liquids and by
an explanation of the reasons for the appearance and development of a
hot homothermic layer in burning gasoline, petroleum and certain other
liquids. This section concludes with a consideration of the results of
investigations into the problem of the ejection of a burning liquid dur-
ing combustion and the serious consequences that may ensue.

The third part of the book consists of a discussion of the mechan-
ism of extinguishing the flames from liquids in tanks by means of foam,
sprays of water and combinations of various means.

A considerable part of the data reproduced in this monograph' was
obtained in current research at the laboratory for the intensification of
' fuel processes of the Energetics Institute of the AS USSR and at the heat

physics laboratory of the Central Scientific Research Institute for Fire-
Fighting (TsNIIFO).

In addition to the authors this group of workers includes: I.I.
Petrov, V.Ch. Reutt, L.A, Volodina, I.V. Gerasimov and N.V, Obukhova.

Our monograph makes use of the work of G.N. Khudyakov, carried out
in the ENIN, of V.I. Blinov and coworkers at the Leningrad Institute of
Aviation Instrumentation and of recent work by V.I. Blinov and G.N. Khud-
yakov, .



It also utilizes the results of a series of investigations into
the extinction of flamés from liquids carried out by I.I. Petrov, V.Ch.
Reutt and coworkers of the heat physics laboratory of the TsNIIPO.

Finally, the book also incorporates the work of the Bakinsk
laboratory of the TsNIIPO and investigations carried out abroad.

The first part of the book was written by V.I. Blinov alene,
the second and third parts by him in co-authorship with G.N, Khudyakov.



Part One

THE FLASHING AND IGNITION OF LIQUIDS

1. Flash Point and Ignition Temperature of a Liquid

The burning of a liquid is preceded by flashing and ignition.

We shall therefore begin by examining the fundamental characteristics of
these phenomena.

If isocamyl alcohol is poured into a test tube and slowly heated )
and a small flame is then approached, at a certain temperature the mixture -
of alcohol vapor and air will flash. This temperature is ordinarily called
the flash point. It defines the lower limit of flashing.

If the alcohol is heated further and a flame again approached, the
mixture will again catch fire. The lowest temperature of the liquid ‘Jﬁt

B

at which the mixture continues to burn, is called the ignition point of
the liquid.

If the source of heat is removed, the flame forming at the ignition
point is not extinguished. The temperature at the surface of the liquid
rises owing to the heat from the flame and reaches a definite value. We
shall call this temperature the temperature of the burning liquid. The

. temperature of the liquid during burning 4}5 is close to the boiling

point of the liguid lﬁi, but somewhat lower than the latter.

If a combustible liquid is heated in a closed vessel, the cover
lifted slightly from time to time and a flame brought up to the opening,
then on reaching the flash point the mixture of vapor and air will flash.
If the experiment is continued, then flashing will occur even at higher
temperatures, until the upper limit of flashing :3§C is reached. At temp-

eratures above this limit, the mixture of vapor and air in the vessel will
not ignite, but a flame of burning vapor may form at the opening. The

vapors of burning liquids and air form mixtures which at given concentrations
explode. At concentrations below the lower limit the mixture does not

flash and does not burn, within the concentration limits flashing is ob-
served, while above the upper limit we get mixtures that do not explode

but may burn in air when > 49%0.

Thus, “%BC’ the flash point, is lower than the ignition point 495.
The ignition point is lower than the temperature of the burning liquid n}%.

The upper limit of flashing '9%0 is also lower than d;. As already pointed

out, the temperature of the liquid during burning is close to the boiling
point of the liquid

-

ﬁnc <~ﬂl\ < 0!’) : \()nc <ﬁ';c <‘ﬂ,-.



If the flash point is low, the ignition point will only be slightly
different, If the flash point is high, the ignition temperature may con-
siderably exceed the latter. This is obvious from the data given below
(in °C) for gasoline and lubricating oil:

Gasoline
Boiling point 60-70  70-88  80-115  100-150
Flash point -39 45 =21 +10
Ignition point -3k =42 =19. +16

Lubricating 0il

Flash point 185 150 215 285
Ignition point 212 186 265 3hi
Difference 27 36 50 59

Note also the flash, boiling and ignition points (in °C) of ethyl alco-
hol, n-butyl alcohol and acetone:

Flash Upper Ignit- Boil~

point limit of ion ing

flashing point point

Ethyl alcohol +10 +41 69-76 78
n-butyl alcohol +3h +61 105 117
Acetone =20 +7.5 55 56

2. Instruments for Determing Flash and Ignition Points

The same instruments are usually used for determining both flash
and ignition points /1,2/. Since thése points depend on the experimental
conditions, the latter are kept strictly constant.

The ignition and flash points are sometimes determined by the
Brenken method (Fig. 1). This requires a porcelain crucible 6.4 em in
diameter and 4.7 cm deep. The test liquid is poured into the crucible,
until the level is 1.2 cm below its edge. The crucible is then placed
in a sand bath. Between the bottom of the crucible and the bath there
must be a thick layer of sand and the level of the liquid in the crucible
and that of the sand in the bath must be the same. A thermometer is intro-
duced into the liquid. The bath is heated so that the temperature in the
crucible rises at not more than 3-4° a minute. Every half minute a small
flame 4-5 mm long is moved towards the edge of the crucible. The flame
must remain at the edge of the crucible for no more than 2 seconds. The
temperature at which flashing is observed is the flash point of the liquid
in question. If heating is continued, on reaching the ignition point a
flame will be formed.

By means of special instruments the flash and ignition points can
be determined with greater precision. The Abel-Pensky instrument is
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- used if the flash point is less than 50°, and the Pensky-Martens instru-
ment if the flash point i8 greater tham 50°. In these instruments the
liquid is heated in closed veesels with small openings in the lids. These
openings are closed with a slide. During the test the slide is opened and
a small flame moved up to the opening. The vessels are fitted with agit-
ators for mixing liquids.
» The flash points of lubricating oils are determined in a Markusson
instrument, similar to the Brenken apparatus but with a different size of
cup.

Flash points determined by closed cup methods are always somewhat
lower than the corresponding points (in °C) obtained by open cup techn-
iques. This,

Flash Point
Closed Cup Open Cup
Petroleum 20 46
Mazut : 96 119
Solar oil 148 160
Machine oil 196 212
Cylinder oil 215 2%

The flash points of many substances will be found in reference
works /3,4/.

We must again stress the fact that the flash and ignition points
depend on the experimental conditions. 49bc‘and 495 cannot be treated

as if they were physical constants.

3. Flash Point of Iiquids and Limits of Iggitiqn_of:ﬂixturgs

In mixtures of vapor and air ovér a liquid, formed at temperatures
of the liquid below the flash point and above the upper limit of flashing
a flame cannot spread and embrace the entire mixture. Thus, the tempei-
atures '630 and n’éclare connected with the concentration limits of ig-

nition of mixtures of vapor and air or, in other words, with the limits
of flame propagation in mixtures. It is easy to establish the relation

connecting ’%c and ;'Bc and the limits of ignition k.

The limit of ignition k of a mixture can be determined from the
formula:

Ve
= e -« 100

k=55, 100 (1.1)

where Vv is the volume of vapor‘and‘v the volume of air for a mixture of

B
limiting compositien.
If by pv*and‘pB we denote the partial pressures of vapor and air in

- the mixture, by Py the atmospheric pressure and by Vb the volume of mixture
obtained for the bressure Pg? then, in accordance with the Boyle-Mariotte
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Fig. 1: Brenken apparatus for determining the flash and
ignition points of liquids.

law, we can write:

vao == povv and p.Vo == ‘pOVI (lola)
From (1.1) and (1.la) it follows that the 1imit of ignition k is
equal to Py
v °F (1.2)
But
pv _iL pB = ,’0,

and the partial pressure of the vapor is équal to the saturated vapor
pressure =« at the flash point. If P, = 760 mm, then '

b4 = 706 k (103)

i.e. the saturated vapor pressure at the flash point is equal (at
normal atmospheric pressure) to 7.6 k.

Table 1,1 shows that relation (1.3) is in good agreement with ex-
periment, ‘

4. Autoignition and Forced Ignition of Gas Mixtures

The flashing of liquids is a special case of the ignition of mix-
tures of gases. Experience shows that two kinds of ignition are possible.
In the first the whole of a given mixture is brought to a certain temper-
ature, above which it ignites spontaneously. In the second a cold mixture

6



| Table 1.1

Lower  Lower limit of U@ﬁér g Uppef limit of

limitof _ flashing  1limit of flashing
kz?ni:;g:. exper. from (1.3) gni;ion exper. from (1.3)

Benzene 1.3 =12 «11.5 6.75 +12 +12
Methyl alcohol 3.5 -1 - 1.5 - - -
Ethyl " 2.6 +10 + 8 - - -
Butyl " 1.7  +35 +35 8.0 +62 +60

 Acetone 2:55 -19.8 =20 - - -
Toluene 1.3 +5 +6 7.0 +38 +38
Aniline 1.58 +71 +71 - ' - -
Diethyl ether 1.2 =45 =49 - - -

* all temperatures in °C.

is ignited only at a certain point in space by means of a high-temperature
source and the rest of the mixture ignites without cutside interference
thanks to the spreading of the combustion zone. Thus, we can talk about
spontaneous and forced ignition.

Flashing is usually brought about by means of some kind of source
and may therefore be classed as an example of forced ignition.

The theory of forced ignition has been sufficiently well explored.
Before discussing it, we shall return to the question of autéignition of
gas mixtures, since even forced ignitlon involves spontaneous ignition
in the first stage.

The thermal theory of autoignition was first proposed by Academician
N.N. Semenov /5/. This theory consists in the following. Suppose the
inflammable liquid under investigation is placed in a vessel of volume V
and the temperature To of the walls of the vessel is kept constant. A
chemical reaction will take place in the mixture. We shall assume that

the temperature in the vessel is everywhere the same and equal to T and
that the reaction velocity w

E
w = koc/xe-ﬁ'f , (1.4)

where ¢ is the oxygen concentration;
n the order of the reaction;
R the universal gas constant;
E the activation energy;

T the temperature of the gas.

If the thermal effect of the reaction is q, the rate of liberation
of heat in the vessel will be equal to

g1 = qkoc" exp (—- {‘-‘T—) ‘v, A (1.5)



Part of the he&t. liberated as a result of the reaction, goes to
heating the mixture and part is released into the surrounding medium. The
amount of heat lost will be equal to

’Qz =a (T —To) S, (1.6)

where o is the heat-transfer coefficient;
S the surface area of the vessel walls.

In order to explain under what conditions the pixture will ignite
spontaneously, we turn to Fig. 2, inwhich the temperature T is plotted
against the quantity of heat liberated and removed per unit of time q.
The three curves qa(T) correspond to different values of To'

Under steady~state conditions ql will be equal to a5 and the cor-

responding temperature will be equal to the abscissa of the points of
intersection of the curves q.(T) &and 9, (T). It is clear from the figure
that in c¢ertain cases the-cu}ves 1nteraect in two points and sometimes in
one.

Let us consider the first of these two possibilities. The mixture
is heated from an initial temperature To' Heating is interrupted and the

mixture enters a state of equilibrium when the temperature of the gas is
equal to Ta’ corresponding to the lower point of intersection "a' of the

curves ql and - This regime will be a stable one. The second point of

intersection "b'" lies in a region of higher temperatures and in this case
the thermal regime, as it is easy to see, will be unstable: on departing
from the state corresponding to point "b'", the system does not return to
"p", but moves further away from this state.

When the temperature To of the walls of the vessel is raised, the

curve q, will be displaced to the right, and the value of the stationary
temperature Ta will increase smoothly and continuously. At a certain wall

temperature To the curves ql(T) and qZ(T) will touch, as with the center

B
curve in Fig, 2. The tangent point ¢ of the curves will be the point mark-
ing the limit of existence of the stationary regime. If there is an in-
crease in the wall temperature above TOB’ no matter how small, stationary

conditions will not be preserved and there will be a sharp rise in the
temperature and hence in the rate of combustion of the mixture. The phen-
omenon consisting in the transition from a slowly proceeding reaction,
accompanied by insignificant heating, to a violent, progressively accel-
erating combustion of the mixture will also be a phenomenon of auto-
ignition or a '‘thermal explosion™.

We would get a picture similar to that described, if the heat trans-
fer conditions remained invariable and the reaction velocity changed with
changes in the concentration ¢ or the presgsure p (Fig. 3).

~ Let us know consider the quantitative relations characterizing the
phenomenon of autoignition of gas mixtures.
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At the tangent point a, and q, and their temperature derivatives

are equal. Thus, for the critical condition the following relations will
hold:

KVt exp (- —ﬁ?'—) =a(Te—To)$

(1.7)
and E :
.y E . L\
q
<. 2 ; Puc. 8. )

On dividing the left hand and right hand sides of these equations, we get
- E |
o T =T) =1

or
T:‘—'%Tl"*‘%'TO:Q?
Whence

’

7;==§%,(1d:]/r1—ff§113).

In the last formula the minus sign in front of the square root
corresponds to the ignition point.

Since usually Td¢< é%, the expression under the root sign can

be replaced with a series expansion and we can limit ourselves to its
first three terms. We shall then have



- El, | 2RT, 2R'T3° '
Tom "FF[I"'("“E".""F")]'
and finally
- RT}
T'=To+—"“-- . . (1.9)
From (1.9) it is clear that the autoignition point Ty differs only
- slightly from the temperature To of the medium. In certain cases, therefore,
we can take Q; instead of TB’ without too serious an error. We shall use
T, in (1.8), rewriting it in the form:

E 2 (1.10)
qhaVere™ RTs . -m'ér .

This last relation links the composition of the mixture with the
ignition point. Ifweputns=s2, T (c) vill give a curve (Fig. 4) repres-

enting the boundary of the explosive region. Thus, it follows from the
theory, in full accord with experiment, that not every mixture can ignite
and that the only mixtures that do are those, the composition of which lies
within the corresponding limits of concentration. These limiting concen-
trations, moreover, correspond to the upper and lower limits of fhahing
of liquids.

B

7‘ N

7/, 06nacms

83puida

c, %

Fig. 4: Ignition point as a
function of the percentage
composition of the mixture
for constant pressure.

Top: "“eéxplosive region".
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The phenomenon of autoigniti_... .an also be explained in terms of
the so-called chain theory. This theory was developed by N.N, Semenov
and his coworkers and ias discussed in Semenov's monograph /S/.

An analysis of the experimental data shows that in certain cases
autoignition has a thermal character and in othera a chain character. In
what follows we shall confine ours-” :s8 to questions relating to the thermal
theory of ignition.

. In forced ignition only a small volume of the medium is heated. This
is done by introducing into the mixture either an incandescent body, a flame
or a spark. Essentially the process of autoignition and that of forced
ignition are the same, but the latter is more complex. In forced ignition
- the critical conditions are also linked with the properties of the source
and the conditions of propagation of the flame.

For an explanation of the mechanism of the ignition of a mixture
by an incandescent body let us turn to the reasoning of van't Hoff /6/.

We shall assume that the temperature Tl at the surface of a body, immersed

in a gaseous medium and acting as a source of ignition, is higher than the

temperature of the gas, but lower than the temperature at which the mixture
ignites. In an inert medium the distribution of temperature T close to the
wall is depicted by curve ay (Fige 5). In a medium, in which a chemical

reaction can proceed, the curve T(z) will lie (owing to the liberation of
heat) somewhat above a and will have a shape similar to that of b, in Fig.

1l
Se.
If the temperature of the body is raised, them in an inert medium
it will fall more quickly than in the preceding case and is represented
by the curve a,, similar to ‘1' while in a reactive medium, owing to the

increase in reaction velocity with increase in temperature, the curve T(z)
at the wall will fall more slowly than in the preceding case, and there
will exist a temperature TZ of the body, at which the temperature of the

reacting gas will not fall on moving away from the source, even close to
the latter, and the curve T(z) will then run parallel to the abacissa.

If the temperature of the hot body is further increased, the temperature
of the reacting medium will progressively rise with increase in z, until

" the combustible mixture of gases ceases to ignite. The temperature T2

will be the critical temperature, analogous to the ignition point in the
process of autoignition.

Thus, as Ya.B. Zel'dovich /7/ also shows, the limiting critical
condition of forced ignition should be written in the form:

dT :
(7; =0 } (1.11)

where CT indicates that the temperature gradient relates to the layer
at the surface of the wall (source). This condition shows that from the
moment the temperature of the source reaches a certain critical value, the
source ceases to take part in the process, which is now determined by the
conditions in the layer of gas in contact with the very hot body.

11



' Exporimental data show that in f .2 ¢5nition the critical temp-
‘erature may exceed the autoignition point of the mixture. .This is because
the gas temperature quickly falls as one moves away from the surface of
the hot body, and the concentration of combustible substance close to its
surface is lower than in the rest of the medium (owing to the chemical
reaction). There are cases where m reaction proceeds at the hot body, but
the flame is not propagated.

Convincing proof of the important part played by the impoverishment
of the combustible layer close to the incandescent body is to be found in
the fact that gas mixtures are harder to ignite with a body that acts as
a catalyst for the mixture in questicn. In this case the surface reaction
- is more intense, and the concentration of reacting gases close to the sur-
face falls more sharply than it would for a noncatalytic surface. Accord-
ingly, the temperature of the surface rises significantly, but the dis-
tribution of temperature and concentration in the gas are such that the
ignition conditions become less favorable.

In forced ignition the critical temperature depends on the dimensions
of the source. This was the subject of investigations by Silver and Pater-
son /8,9/, who studied the ignition of gas mixtures by means of balls of
different diameters dropped into the mixture. Fig. 6 shows the results
of Silver's experiments with illuminating gas. It is evident from the
figure that the ignition temperature falls with increase in the diameter
of the balls. Paterson has shown that the ignition point essontially
depends on the rate of fall of the balls.

czl

1200 :
1 N
1100}—N
1000
‘800
\!
. 80”,; . 2 3 m I3
. d, MM

Fig. 6: Ignition point as a function of the diameter of the ball.

These results may be attributed to the fact that the temperature
distribution close to the source depends on the size and rate of motion
of the latter.

The first attempt to provide a theory of the ignition of gas mix-
tures by a hot body was made by Silver. Ya.B. Zel'dovich /7/ has offered
a more rigorous solution of the problem.

We shall consider the problem for the very simple case in which
a combustible gas mixture lies between two infinite plane parallel walls.
We shall assume that one wall is at the temperature Ts’ while the other is

12



held at the temperature '1‘ and that '1‘ > T . Thé' temperature distribution

in the gas will only be stc.w.,, y if the tenperature of the heated wall does
not exceed the critical value. As already noted, under critical conditions

'(d‘l'

@ Jer = O

We shall find the temperature distribution in the gas by solving the
equation of thermal conductivity, which in this case for the steady state
can be written in the following form:

kd‘T

+qw= 0 . (1.12)

where A is the thermal conductivity of the gas, q the Q-value and
® the reaction velocity.

w = kot exp(—-—:—r—).
We shall introduce the new wvariable S

e
dz
-and write equation (1.12) so that
gy qu ‘ : .
b¥ar=—>5+ (1.13)
. On integrating, we get
l/ + w(T) dr.

Whence it follows that the heat flux in the gas

- .
qé=—.-l.,%§-=h‘/-%—q§wdT.
. T

Since the reaction velocity ® depends heavily on the temperature,
the reaction in the gas between the walls will be practically limited to
a narrow layer & adjacent to the heated wall. Inside this layer, under
conditions close to the critical, '1‘s - T will be small compared with T ;

accordingly, withouf, too serious an error we can assume that

Lo ! ~ Ay Tty
Ty T )

‘.
3
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and that

I E E
T TRty T oa TsT)

’ e = ‘e RTS n ‘ (1.1“’)

Substituting (1.1%) in (1.13), integrating and bearing in mind that under
critical conditions condition (1.11) must be fulfilled, we get

(Ty—T)

T 2 RT; R ¢
y=% =V FoayF1—c ¥ ]
(Ts- T E
When TS - T varies by tens of degrees, expl:- —_— ]

RT
-3
changes from 1 to O.4. Hence outside the zone & the value of y

differs little from .
. ;—————__E?;
y=l/"7g"w(.T‘)_Ei'

Thus, the heat flux from the reaction zone will be equal to

2 RT}
g =" [/T"wm)—r.

- Under steady-state conditions this heat flux can be represented, without
serious error, by

T,—T

G1=2 y

‘Hence it follows that for steady-state conditions

/5 RT: T,—T :
Y e @)= 2—. : (1.15)

Relation (1.15) establishes the dependence of the critical parameters
and the conditions, under which ignition occurs, on the dimensions of the
vessel.

A more complete and rigorous theory of ignition has recently been
advanced by L.N. Khitrin and S.A. Gol'denberg /10/.

Spark ignition is a more complex phenomenon than hot-body ignition.

A spark is characterized by intense local excitation of the molecules,
which become ionized. At the same time a spark causes a sharp local in-
crease in the temperature of the gas. A spark may be considered as a
special kind of gaseous incandescent body. This is the reason for the

pL



existence of two theories of spark ignition, the ionic and the thermal.

It is clear that the thermal aspeci of the phenomenon has great importance,
since the conditions at the flame front, remote from the source of ignition,
are decisive.

In spark.ignition for each mixture there is a certain minimum spark
power, starting from which the mixture will ignite. This power depends on
the composition of the mixture, the pressure and the temperature. The nat-
ure of the dependence of the spark power on the composition of the mixture
is shown in Fige. 7. For each gas there is a minimum of the minimum powers,
for which a given gas cannot be ignited for any mixture of itself and air.
For a given spark power, in excess of the minimum, there are two values of
the composition of the mixture that are limiting values. Outside these
limits ignition is impossible, and between these limits any mixture will
ignite.

As the spark power increases, the limits of ignition progressively
spread, as shown in Fig, 8, and tend to a certain limiting value. The
spark, for which the critical conditions of ignition are not dependent
on a further increase in power, is called the saturation spark.

14 .
=
g 12 B g MM pCIR
: ,0 L i , 50 1
IS .
RNV NI
= 08 y
N\ | fo
Q¥
3 jfl/ 4y
S 04 2 4
S 3 '
® oz 7 as 10 15 2.0
0 2 ¥ 6 8 10 12% _ g L pra
Fig. 7: Minimum spark power Fig. 8: Mininum ignition
capable of igniting mixture : pressure as a function of
as a function of mixture com- spark power. Ordinate: mm Hg.
position.

1 - hexane; 2 - butane; 3 -
propane; 4 -~ ethane; 5 - meth-
ane. Ordinate: current (amps).

The literature contains a great deal of experimental data on the
forced ignition of combustible gas mixtures., Farticularly important is
the information published on the concentration limits of ignition. Cer-
tain results in this area are reproduced in Table 1.2.
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Table 1.2

Limits, vol=§

liquid Limits, vol-%  Liquid

. lower upper

Benzene .41 6.75 Ethyl alcohal
o-xylene 1.00 6400 Isopropyl "
Acetone . 2,55 12,80  Butyl v
Methyl aléohol 662 26,50 Amyl 1

2,28 16,95

z

oS5
2:65
1.6&
219

The pressure, temperature and the presence of admixtures in the gas
have an important influenceé on the limits of ignition. These questions, _
and others relating to ignition, will be found discussed in the literature /6/.
All the fundamental laws and theoretical results relating to spon-
taneous and forced ignition 6f gas mixtures can also be éxtended tec the flash=
ing of liquids, bearing in mind that in flashing the concentration of vapor
in the mixture depends on the temperature of tke liauid,

5. Elame Provagation in Combustible Gas Mixtures

In the forced ignitién of mixtures a particularly important part is
played by flame propagation. The first and most important contribution
to this question was that of V.A. Michelson in 1889 /11/.

In the last twenty years the theory of normal flame propagation
has been developed by N.N. Semenov /12/, Ya.B. Zel'devich, D.A., Frank-
Kamenetskiy and a number of others /12,13/.

e

Fig,'Q: Temperature distribution in a gas mixture through which
a flame is beinz propagated.
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In its simplest form the modern theory of flame propagation goes
somewhat as follows. Let us assume ..at a flame is being propagated in
a gas mixture. In front of the flame there will be fresh mixture and
behind it the products of combustion. Let the gas mové towards the flame
at a rate equal-to the rate of propagation of the flame. Theén the flame
will be fixed. The temperature distribution in the gas is represented
schematically by the curve shown in Fig. 9. We shall denote the temper-
ature of the mixture remote from the flame by T and the temperature of
the combustion products T. .

We shall substitute for thé curve T(z) a broken line consisting of
the straight segments T = To' Ts= Tpv&nd the tangent to the curve T(z) at
the point of inflection.

The quantity of heat

Tp To

is delivered by thermal conduction from unit surface of the flame per unit
of time, where A is the thermal conductivity and & the nominal thickness
of the flamé front. This heat is expended in warming the mixtuﬁe from the
initial temperature T to the temperature T . .Thus,

q = ucp(Tp — Td), - (1.15b)

vhere u is the flow velocity of the gas, equal to the rate of propagation
of the flame, c¢ is the specific heat and P the density of the mixture.
From (1.15a) and (1.15b) it follows that

A

.. a I

where a = A/cp 1is the average value of the thermal d1ffusiv1;y.

Since the reaction velocity increases very strongly with increase
. in temperature, the combustion of the bulk of the mixture proceeds in a
region, the temperature of which is close to the maximum T , and the reaction

zone [ is less than 8. We may assume that the width of the reaction zone
t is equal to the product of the velocity u and the residence time of the
mixture in the combustion zone <«

t = ur, (1.16a)

and that the time < is inversely proyortional to the reaction velocity

| E
= k.o exp («" RT )’ i.e.
p E

(1.16b)



Hefe E is the activétion energy of the reaction, R is the universal
gas constant.
We shall put

E =59, (1.16¢)

where b is a dimensionless multiplier less than unity; the numerical value
of b is determined by the form of the kinetics 6r the combustion reaction.
Using (i.16a,b,c) we get

e e T

4Lf~‘ —-— ,:'
u='/b_:—-e RTP' =b“e '.!RTP, (1.17)
0

where bo is a quantity depending on the properties of the mixture.

Heat removal from the flame reduces the combustion temperature and
hence the rate of propagation of the flame. If the heat losses are suff-
iciently great, combustion will be interrupted, the flame will go out
and will ho longer be propagated through the mixture. By taking into
account the effect of heat lossés on the maximim temperature and the rate
of flame propagation and the reciprocal effect of the rate of flame prop-
agation on the heat losses, we can determine the limits of flame propaga-
tion. The theory of the limits of flame propagation proposed by Zel'dovich
/12,14/ is based on these considerationms.

On examining the heat losses in flame propagation, Zel'dovich came
to the conclusion that the reduction in the maximum flame temperature Tp

with respect to the theoretical T is inversely propertional to the

theor
square of the rate ~f flame propagation
a

Ttheor - Tp = ;5 ' (1.18)

where « is the heat transfer coefficient.

By simultaneously solving (1.17) and (1.18) we get the rate of
flame propagation for the given conditions.

Equations (1.17) and (1.18) can be solved graphically. For this
it is necessary to take a rectangular system of coordinates, plot T along

the abscissa and the rate of flame propagation u along the ordinate and use
(1.17) and (1.18) to comstruct the corresponding curves; the coordinates
of the points of intersection of these curves give the values of u and Tp

sought.
In Fig. .10 curves 1, 2 and 3 are based on (1.18). In plotting these

curves the values of Ttheor were assumed to be the same, and those of o

different for the different curves (a.>x.>a,). Curve 4 graphically repres-

177273
ents the connection between u and Tp given by equation (1.17). Curves 3

and 4 intersect at points a and b, The coordinates of these points give
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values of u and Tp satisfyinghequations (1.17) and (1.18). It is easy to

see that point a corresponds to an unstable regime and point b to a stable
regime, whén combustion proceeds at a temperature close to the theoretical.
When heat transfer and henceé the coefficiént a increases, the points of
intersection of the curves will approach and the temperature Tp and the

rate of propagation of the flame, correspondimg to stable conditions, will
fall. For a value of a corrésponding te curve 2 the curves corresponding
to equations (1.17) and (1.18) will have a common tangent in the point b.
With a further increase in o these curves will cease to intersect and the
flame will fot be propagated in the mixture; it will go out, because in
these conditions the removal of heat from theée combustion ZQne_is‘large.

It is clear that the point b determines the 1limit of ignition of the mix-
ture. We shall compute the values of Tp and u corresponding to this limit.

o

Fig. 10: Curves illustrating computation of ignition temperature.

It follows from (1.17) that

E il "E ___uE
a'nd from (lc 18) t‘hat dll us 1 u
T, — 2 o2 Tehedt! p

At point b the tangents to the curves coincide and hence the derivatives
du/dTp are equal. Equating them, we find that the limiting value of T
. 2
(Tlim) is equal to: ° o ) RTlmm
lim = “theor B
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of, approximately, | RTZ

Trim = Tineor = "-%§222 y (1.19)
It is also easy to find the limiting rate of flame propagation Upyme
For this we first transform the exponent in (1.17), putting T, = Ty im
S S LS E ‘—~.
*RiEheox 2R(T:hecn:RT2: heor) 2.m‘t‘:he'ogz"i —-‘I:th’ ‘oxj
Since RTthear does not exceed’sevéral thousands and E is ordinarily equal

to several tens of thousands, Rmtheor/E is considerably less than unity,
and without serious error we can write:

_E____E lJ-RIthérr
<RT 1im ZR”heo] - E {

- boexn [ __E — poynl_ . E 1
Ui~ boexp ( RN in ) = byexp ( R theor ‘2‘) :

From the last relation it follows that

Ymax
u = — (1.20)

“lim Ve
Here Woax is the maximum rate of flame propagation in a mixture of the

given composition:

¥ __E
theor

(1.19) shows that the flame cannet spread through the entire mixture,

if the flame temperature is lower than the theoretical by an amount exceed-
in R'theor
& —F  -.

In flame propagation in narrow tubes, the reduction in combustion
temperature is due to heat transfer to the walls of the tube. In flame
propagation in broad tubes the reduction in flame temperature is due to
radiative heat losses.

6. Flame Propagapippdqn the $ur£ace ofvg Combustible Liguid

When a liquid is flashed, the flame is propagated over the liguid.
This phenomenon has been studied by P.G. Ipatov /15/, who has contributed
a very clear account of the mechanism.
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Ipatov carried out three sc¢.’''s of experaments. In the first he
used a setup consisting of two identical horizontal glass tubes A and B
(Fig. 11), connected together and forming part of a closed system, into
which he also introduced a pump H and an evaporator E containing the test
liquid. The tubes were 52 cm long and 3.3 cm in diameter. 1In tube A
was a thin layer of the combustible test liguid. The pump H circulated
the vapor-air mixture through the system and made it possible to saturate
the air in A and B with vapor relatively quickiy. The tubes were mounted
in a thermostat, the temperature of which could be varied.

After the temperature in the thermostat had been brought to the
required value, and the air in the tubes was saturated with vapor, the
~ stoppers a and b were removed and the mixture at the opén end of the tube
ignited with an electric spark supplied by a small induction coil. The
flame was photographed with the aid of a "Kiev' camera, in front of the
objective of which a disc with circular openings slowly rotated. In this
way a series of successive images of the flame were obtained. The photo-~
graphs were used to compute the rate of displacement and the normal vel-
ocity of propagation of the flame.

Fig. 12 shows the results of the experiments with ethyl alcohol.
The temperature is plotted along the abscissa and the normal rate of prop-
agation of the flame in the tubes along the ordinate. The hollow circles
indicate data for tube A (with the liquid) and the s0lid circles data for
tube B (without liquid). It is clear from the figure that the rate of
flame propagation in the tubes with and without liquid was the same and
that a flame developed and spread, only when the temperature of the system
was within the flash limits.

The experiments showed that the temperature at the surface of a
liquid in a tube does not change wher. a flame passes., Similar results
were obtained for benzene and acetone.

The second series of experiments, employin? the same setup, was
designed to investigate flame propagation in tubes with and without liquid
at system temperatures lower than the flash point of the liquid and for
an igniter in the form of a strongly heated metal spiral. During the ex-
periment the tubes were opened at one end, where the ignition spirals were
introduced. In tube A the spiral was placed close to the surface of the
liquid. In tube B there was no flame even at the maximum igniter temper-
ature. A flame developed in tube A some time after switching on the
current in the spiral (the flame began to spread through the tube when
the temperature of the liquid near the spiral was close to the flash point)
and after progressing a certain distance went out. At temperatures below
a certain limit there was no flame in tube A.

=

Fig. 11: Ipatov's apparatus.
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'Fig. 12: Normal rate of flame propagation at the surface of
ethyl alcohol as a function of the temperature. u in cm/sec;
in degrees.

Table 1.3 gives the results of the second series with ethyl alcohol.
Here & is the temperature of the liquid; 1 the distance covered by the
flame in the tube; t the time during which the flame was propagated, in sec;
v the mean rate of displacement of the flame, in cm/sec.

Table 1.3
s C 1, ck t, cex 0, cufesx 8, °C Lew | o, eex v, cxfcex
0 0 0 0 5,1 21 4 5
1,0, 0 0 0 6,5 32 5,3 6
2,3 0 0 0 8,0 52 5,6 9,4
3,3 10 4 2,5 10,0 - 52 5 10,4
4,0 16 4 3,7

It is clear from the table that between 2° and 10° the increase in
1 was proportional to the increase in temperature & and that in this
case the limiting temperature was 2°, i.e. when 13'5 2° no flame developed
in the tube with liquid. It should be noted that the flgsh point of
ethyl alcohol is close to 10°.

The third series was devoted to a study of the propagation of a
flame at the surface of a liquid poured into an open trough 5 cm wide and
52 cm long. The liquid was ignited by means of an incandescent metal
spiral, close to its surface at the end of the trough. The time taken by
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the flame to pass along the trough -~ determined by means of a stopwatch.
Butyl, isoamyl and ethyl alcohol, toluene and two mixtures of ethyl alcohol
‘and toluene were tested. The results are shown in Fig. 13, where the
abscissa represents the temperature of the liquid and the ordinate the

rate of displacement of the flame; the hollow circles denote experimental
data. The flash point of the corresponding liquide is marked by a broken
line. The figure also shows some results for the rate of flame displacement
in ethyl alcohol vapor in tubes.

. From Fig. 13 we can conclude that at a temperature a% of the liquid,
not exceeding the flash point s the flame velocity along the length of
the trough is amall and increasegcwith increase in v; at temperatures

. exceeding ., the flame is propagated with a velocity close to the rate
of displacement of a flame in a tube.

At temperatures below the flash point a flame develops not immediately
after the spiral has become hot, but after a certain time lag, which is the
greater the lower the temperature of the liquid.

i ;

LA

ol .1/ J
/2l

AT

o 1820 30 &0 50 &0
) v, epad

Fig. 13: Rate of flame displacement at the surface of various
liquids as a function of the liquid temperature. v in cm/sec;
in degrees.

1 - isoamyl alcochol; 2 - butyl alcohol; 3 - ethyl alcohol; 4 =
toluene; 5 - mixture, 0.69 molar fraction ethyl alcohol.

The results of Ipatov's experiments show that at low liquid temp-
eratures an. important part in flame propagation is played by the heating of
the liquid by the flame. It is obvious that for &< JEC a flame develops

in a mixture of vapor and air, when the concentration of the latter near the
spiral reaches a value corresponding to the flash point., The flame warms
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the adjacent layers of liquid, the concentration of vapor over which in-
creases, the mixture in the same reg’ - ignites, the displaced flame warms
up the next layer of liquid and so on. At temperatures above the flash
point of the liquid the part played by heating in flame propagation is
relatively small; the flame is propag.ted through the mixture already
available.

It should be noted, however, that in the propagation of a flame
over the surface of a liquid in an open vessel an upper flash limit is not
observed. In fact, if the concentration of vapor at the surface of the
liquid exceeds the concentration corresponding to the upper limit, then at
a certain distance from the liquid the latter will not exceed the limit,

- owing to the fall in concentration.

Returning to Fig. 13, it should be noted that there is a special
relation between the rates of displacement of a flame over ethyl alcohol,
toluene and a mixture of these liquids. ¥ for the mixture is considerably
greater than that for the starting liquids at the same temperatures. This
is due to the wvapor pressure over mixtures of liquids differing from that
over the pure components,

7. Ignition of Liquids

A flame will not go out, if vapor and oxygen are supplied to the
combustion zone at a suitable rate. Vapor is fed to the flame by mole-
cular diffusion and molecular migration from the layer adjacent to the
liquid. The rate of supply of vapor to the combustion zone depends on the

vapor pressure at the surface of the liquid and hence on the liquid temper-
" ature. The lowest liquid temperature at which a flame will not go out
is the ignition temperature of the liquid 19

The ignition temperature can easily be determined theoretically /16/.
Let us suppose that the liquid is in a cylindrical glass tube. We
shall heat the liquid and at short intervals advance a small flame to the
end of the tube. If the liquid temperature is equal to the ignition
temperature, a flame will form at the end of the tube. As experiments show,
this flame will be almost flat. >
' Let us denote by N the number of moles of vapor supplied to 1 cm
of flame per second, and by D and u the diffusion coefficient and rate
of flow of vapor respectively. If the z-axis runs along the axis of the
tube from the surface of the liquid towards the flame, then we can write:

dn .
——D-‘Tz-—}-un—-N, (1.20a)

where n is the number of moles of vapor per unit volume, i.e. the molar
concentration.

During burning in air nitrogen will be found between the liquid and
the flame. Here the oxygen concentration will be zero. Let us denote
the molar concentraticn of nitrogen by n_. The distribution of nitrogen

concentration in the tube over the liquid will then satisfy the equation
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"'U'Ef‘ + un, = 0. . © (1.20b)

If by p and P, ve denote the partial pressures of the vapor and the

nitrogen, then, .in accordance with the Mendeleyev-Clapeyron law we can
write:

p = nRT and p, = n,RT. {(1.20c)

. It is clear that the sum of p and Pa is equal to the atmospheric pressure Py

P + B = Py - (1.20d)"

Adding (1.20a) and (1.20b) and bearing in mind (1.20c) and (1.20d) we get:

d.(p Po
~Dz i%)ﬂ““?r‘%”»

We shall neglect the variation in temperature in the layer of vapor.
Then the first term on the LHS of the last equation will be equal to zero
and

\

“ﬁ‘ N. (1.20e)

) Using relations (1.20c) and (1.20e) we can rewrite (1.20a) in the
following form:

D dp
T RT dz ’l"N = N.
Whence
- = N(‘ ) : (1.20£)

The pressure of the vapor in the layer adjacent to the liquid will

. be equal to the saturated vapor pressure n for the given temperature. Thus,

"if the origin is at the surface of the liquid, when z = 0, p = n.

A consideration of the processes in the combustion zone suggests
that the fluxes of vapor and oxygen, directed towards the combustion sur-
face, are in a stoichiometric ratio and that the concentration of fuel and
oxygen in the flame is very small /17,18/. Accordingly, if the distance
from the liquid to the flame is taken as h, we can write that when z="h
p = O.

For the boundary conditions formulated above the solution of (1.20f)
can be written in the form:

vhere

b= RTI _g_. (10218.)
Po .
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In flame theory it has been proved /19/ that the height of a flame

is determined by
_.B—————rﬂ
4Dty (1.21b)

where B is the number of moles of oxygen required to burn 1 mole of vapor;
r is the radius of the tube in which the liquid is burned; D is the

coefficient of diffusion of oxygen through the layer of combustion products
and nitrogen; is the molar concentration of oxygen in the air.
Substituting the value of N from (1.21b) in (1.21a), we get:

p=40e ‘6 B, (1.21¢) .

It is known that the diffusion coefficient is proportional to Ta.

Thus, we can write: re
D = Do-zr5 273

where D° is the diffusion coefficient for T = 273°K. 'Taking this last
relation into account, we get:

1
b= 4.273 Ro g X BT (1.21d)

Equation (1.21) relates the saturation vapor pressure n of the liquid
at the ignition temperature with the quantities Py band h; b is determined

from (1.214).

In Fig. 14 the ignition temperature is plotted along the abscissa
and the distance h between the flame and the surface of the liquid in the
tube along the ordinate; the circles denote the results of experiments with
benzene, ethyl alcohol, toluene and amyl alcohol and are taken from /16/

(a glass tube 3 mm in diameter was used); the lines are drawn from formula
(1.21). In constructing these curves values of n were taken from tables,
and values of b were chosen so that the theoretical curves corresponded as
closely as possible with the experimental data. The values of b found in
this way are given below:

b, cm DOBTB
Benzene 1,08 . 205
Ethyl alcohol 2.3 238
Toluene 1.14 260
Amyl alcohol 1.20 197

Fig. 14 shows that formula (1,21) agrees with experiment.

If on the RHS of (1.21d) we substitute the values of the quantities
occurring in it and take 8 equal to 0.1 cm, then for ethyl alcohol we find
b = 2.0 em~l. The latter agrees closely with the experimental value of

= 2.3 Om-l.
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Figure l@:
(Legend not .translated)
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' Let us conaidor cortain consequences that flov from formulas (1.21)
..nd (1021‘)
: From (1.21d) it follows that for invariable values of p , 8 and r

~ the product Dop’lf b must be the same for different liqids. In fact,

= 2 R o fi;c'nst=b.
- DBTb= 427385 8D 7p = ONSE = Do (1.21e)

It vas shown above that the relation (1.2le) is confirmed by experiueﬁt.
The value of b for toluene is a little different, but this is evidently

- due to the fact that the incompleteness of combustion was not allowed for
in the calculations. e A
If bh is small compared with unity, then we can write

| etk = 1—bh.
In this case

x = pobh. ' (1.211)

It is known that the saturated vapor 'prquure of liquids varies with
the temperature in accordance with the law:

T cres
R = Rpe g KT, (1.21g)

. vhere Q is the heat of vaporization, referred to a gram-molecule of sub-
stance. If the value of x from (1.21g) is substituted in (1.21!) and
logarithms are taken, then

[ 4
_ --—R-Q1—.‘—lge=lgh +lg—i’n’l:i.
Whence it follows that

=g 1.21n
..__. "TT_ ’>lge—lg i ( )
where hl’ ha are the diatangos qf the flame from the liquid at ignition
temperatures '1‘1 and TZ '

Making use of formula (1.21) and the experimental data we can compute
Q. The results of such computations are given below:

cheor. Qoxper.

Benzene 8,700 7,200
Ethyl alcohol 9,600 10,000
Toluene 8,000 8,000
Amyl alcohol 11,500 11,500
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The values of  ..i2 taken from technical manuals. The results
obtained by calculation agree with those determined experimentally.
Furthermore, for the same instrument, if h is constant and bh sub-
stantially less than unity, = will be equal to
‘ bope __ A

[

% = pobht = 5 o7 = p AT, " (1.22)

The quantity A does not depend on the nature of the liquid and is
a constant for the instrument.

Formula (1.22) shows that at the ignition temperature the saturated
- vapor pressure n of the liquid in question is equal to A/DOBTB. If we

know the instrument constant and have information about the quantities
Do’ p and =x, we can find the ignition temperature of the liquid from

formula (1.22).
Unfortunately, the literature is almost totally lacking in experi-
mental data on ignition temperatures and therefore it is difficult to test
the applicability of formula (1.22) for a large number of substances. But
there is a way out. In fact, it was pointed out above that the ignition
temperature differs only slightly from the flash point, if the latter is
not high. Therefore, if relation (1.22) gives satisfactory results for
the flash point, it muat also give satisfactory results for the ignition
temperature. Below we give the flash points (in °C) for a number of sub-
stances, both as determined experimentally and as calculated from formula
(1.22)3

Theor. Exper.
Methyl alcohol +4.5 from -1 to +32
Ethyl " +11 +9 +32
Propyl " +25 +22 +45
Butyl " +i0 +35 +36
Benzene -10 . =12 +10
Toluene +9 + 6 +30
Ethyl ether =43 =41 =20
Ethyl formate -18.5 =19.5
Ethyl propionate +13 -12.5
Methyl butyrate +14 -14

The constant A was determined for the flash point of acetic acid.

The data show that the theoretical and experimental values of the
flash point are in satisfactory agreement.

Thus, a number of consequences of formulas (1.21) and (1.21d) are
confirmed by experiment. This also serves as evidence in support of the
hypotheses about the ignition of liquids and the fundamental relations ob-
tained above.

It should be stressed that the ignition temperature is not a physico-
chemical constant of a substance, but, as follows from (1.21) and (1.214),
largely depends on the conditions under which it is determined. It is inter-
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| esting to note that &B is equal to the boiling po:l.xit of the liquid for an

external pressure p' equal to = .

/142/ givea formula recommended for calculating the flash points of
liquids. . Using the above notation, this formula may be written in the
form: '

i n=B2
| | ° (1.22a)
where x is the saturated vapor pressure of the liquid at the flaah'point,
and B is a constant depending on the type of instrument.
Formula (1.22a) can be abtained from (1.10) by taking

boh
B = .
DoTB
Table 1.4
Liquid MKnnkoers B D, Ty DeTy
Methyl alcohol
Ethyl " Merunoufi cnwpr .| 1,5 0,132 72 ‘36
n=propyl " Srunopuit cnupr 3,0 0,102 283 29
- " HopManseu!  npo- .
ﬁ.butil " lsmonuﬁ cnupT . 4,5 0,085 295 25
g-any H. Gyrunosu cunpr| 6,0 0,070 307 21
Benzene H. awwnossh cnmpr| 7,5 | 0,089 a9 | 19
Toluene - Beson . ..... 7,6 | 007 | 261 |.20
Xylene Tonyod . . + . . . 9,0 0,071 278 20
Carbon bisulfide Kemnon . . . . . . 10,5 0,060 296 18
Cepoyraepon 3,0 0,089 230 20

Table 1.4 shows that the coefficient B varies much more strongly than the
product DoTh’ Since the vapor pressure quickly rises with increase in temp-

erature, a deviation of DoTh from the mean involves a small change in the

temperature determined from (1.22a) compared with the value of T obtained

" from (1.22). : : .
The flash and ignition points of mixtures of liquids are also of

considerable interest. Before turning to this question, it will be con-

venient to devote some space to the consideration of certain properties

of liquid solutioms, confining ourselves in this case to binary mixtures.

8. Ideal Solutions

An ideal or simple solution of a liquid is ome in which the partial
pressures of the components in the vapor phase are proportional to the
molar fractions of the components in the liquid phase.

Note that the molar fraction of a component k, X is a quantity

equal to the number of moles Nk of the given component divided by the
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total number of moles in the system

It is evident that .
X1 4 xe--...=1

Thus, if by 2 and P, we denote the partial pressures and by pl,o
and pZ,O the vapor pressure of the pure components of a binary ideal mixture
and by x, and X, the molar fractions of the components of the solution, then

pL = prox1 @nd p; = proxs. .

The total vapor pressure of the solution will be equal to:

p=p + ps= prox1 + psoxa
or, since X +X, = 1,

p = pro + (pro — pro) 2. (1.23)

The total vapor pressure of an ideal solution is a linear function of the
molar composition of the liquid phase. If we take a rectangular system of
coordinates and plot the molar fraction of a component along the abscissa
and the total vapor preasure of the ideal solution along the ordinate, then
- given constant temperature the depsndence P(xa) will be represented by a

straight line.

The connection between the molar fraction of the components in the
vapor and liquid phases of an ideal solution is easily established. Iet us
denote by Ni, Né, vy and ¥y, the number of moles and the molar fractions of

the first and second components in the vapor phase, and by Ni. N,, x, and
Xx.. the number of moles and the molar fractions of the first and second com-

2
ponents in the liquid phase. It is evident that

’

N, N

e

Using Mendeleyev's equation, according to which
po = N:RT _ana P = NaRT,

and the relations for Py and P,y We get:

P Puo¥ - oxg
Prt P puo¥atpaoxs 1t (e—1)x” (1.24)
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where o _ Mo

P10 ’

In Fig. 15 x, is plotted along the abscissa and Y, along the ordinate.

Curve 1 gives the connection between y and x when a = 3, curve 2 is for
«=1and curve 3 for & = 0.35. It is easy to see that when & > 1 and
’2 X, the vapor phase is richer in the second cowponent than the liquid
phne, vhen a = 1, ¥y = X9 i.e. the vapor and the liquid have the same
composition; when a <1, 2 <_x2 and, consequently, the vapor phase is

- richer in the first component than the liquid phase. In other words, the

vapor phase is richer in the component, the vapor pressure of which is
greater at the given temperatures.
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Fig. 15: Composition of the . Pig. 16: Boiling point of
liquid and vapor phases of ideal mixtures of liquids
liquid solutions for differ- as a function of composition
ent & , at constant pressure. Ordin-

ate: temp.; abscissa: phase
composition; top: vapor;
bottom: liquid.

A point that will be of interest later on is the dependence of the
boiling point of mixtures of liquids on the composition. We shall find this
dependence, if we take the total vapor pressure p of the solution in (1.23)
as constant and if for each molar fraction x we find the temperature at which

po + (p2,0 — pr,0)xe = p = const.
This dependence is shown for ideal mixtures in Fig. 16, where the

molar fraction of the low boiling component is plotted along the abscissa
and the boiling point for comstant pressure along the ordinate. The lower
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. curve links the boiling point ard the composition of the solution and
the upper curve the b.p. and the composition of the vapor over the boiling
liquid.

If at a distance 3 from the abscissa we draw a straight line
parallel to the latter, this straight line will intersect the lower curve
in a point A and the upper curve in a point B; the absciasa of point A
defines the molar fraction x of the low-boiling component in the solution,
the b.p. of which is equal to -%; the abscissa of B gives the molar fract-
ion of the low-boiling component in the vapor y, in equilibrium with the
boiling solution.

The figure shows that the molar fraction of the low-beciling com-

- ponent (i.e. the component with the lower b.p., or, in other words, with
the higher vapor pressure) is greater in the vapor than in the liquid phase,
“the vapor is enriched in that component, which, -added te the liquid,
increases the vapor pressure above it (or reduces the b.p.)". The state-
ment thus formulated is called the first law of Konovalov and holds for
any liquid solution. /20,21/.

9. Classification of Mixtures of Liquids

The mutual solubility of two liquids varies within wide limits: from
practically total insolubility to miscibility in any proportions to form a
homogeneous solution. Thus, mixtures of two liquids can be divided into
three basic groups: mixtures of liquids miscible in all proportions; mix-
tures of liquids that are partially miscible; mixtures of ligquids that

are practically mutually insoluble.
) Organic liquids of related chemical structure and properties ordin-
arily mix in all proportions, forming homogeneous solutions. Examples of
this are mixtures of benzene and toluene, ethyl and butyl alcohol, etc.

Mixtures of partially soluble liquids are of great importance.

Theses include acetone and water, ether and water, isobutyl alcohol and water
and many other liquids.

The third group includes mixtures of benzene and water, toluene and
wvater, etc.

10. Mixtures of.Liquids Miscible in All Proportions

Only some solutions of liquids miecible in all proportions behave
like ideal solutions. As a rule, the bshavior of bicomponent real solutions
deviates from that of ideal solutions. Depending on the degree and nature
of this deviation we can distinguish three types of solutions of liquids
of unlimited mutual solubility.

The first type includes so-called normal solutions, for which the
dependence of the pressure and boiling point on composition is represented
by curves close to the corresponding curves for ideal solutions. A large
number of substances with unlimited mutual solubility are of this type.

The second type includes solutions with isothermal total-pressure
curves characterized by a maximum. A typical example of such a mixture
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is a mixture of carbon bisulfide and acetone, experimental data for which
are given in Fig. 17 © a 'amperature ol 35.2°. Along the abacissa is
plotted the molar fraction of carbon bisulfide and along the ordinate the
total vapor pressure, measured in mm Hg. One curve characterizes the dep-
endence of the composition of the liquid phase and the other that of the
vapor phase on the vapor pressure.

It is clear from the figure that for mixtures with a molar fraction
. of carbon bisulfide less than 0.67 the vapor phase is richer in carbon bi-
sulfide than the liquid phase, and that as the molar fraction of CS, in the

. solution increases, so does the total vapor pressure; for mixtures with a
~ molar fractiom of csa greater than 0,67 the vapor phase is richer in acetone

and adding GS2 to the solution leads to a reduction in the vapor pressure p. .

Konovalov's law, defined above, holds here too.
The figure also reveals that the vapor above a solution with a molar
fraction of CS2 equal to 0,67 has the same composition as the solution itself.

Mixtures with vapors having the same composition as the solution are called
aseotropic. '
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Fig. 17: Dependence of total Fig. 18: Dependence of boiling
vapor pressure (mm Hg) on com- point of mixtures of ethyl al-
position of mixtures of carbon cohol and benzene on phase com-
bisulfide and acetone at con- position at constant pressure.
stant temperature. Left: liquid; Ordinate: boiling point, degrees;
right: vapor. Top: vapor; bottom: liquid.

Fig. 18 shows the dependence of the boiling point at constant press-
ure on the composition of a mixture of ethyl alcohol and benzene, a miature
of the second type. The molar fraction of benzene is plotted along the
abscissa. The lower curve shows the dependence of the boiling point on the
composition of the solution, and the upper its dependence on that of the
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vapor, in equilibrium with the solution. It is easy to see that when
benzene is added to the solution, the .l_._2 in the boiling point of the
mixture is non-monotone, and the dependence of the boiling point on the
composition of the mixture is represented by a curve with a minimum. The
composition of the solution with the minimum boiling point is the same as
" that of the vapor. The mixture corresponding to the minimum b.p. will be
ageotropic.

The results shown in Figs. 17 and 18 illustrate Konovalov's second
law, which states that "at extremes of vapor pressure or of boiling point
the compositions of the liquid and vapor phases of mixtures coincide"
/20,21/. The composition and boiling point of an azeotropic mixture depend
. on the pressure. This is evident from the data given below:

Mixture of ethanol and water

Pressure, am Hg 100 150 200 4oo 760 1100 1450
B.P. of azeotrope, °C .2 2,0 47.8 62.8 78.1 87.8 95.3
Content of ethanol

in azeotrope, mole % 99.6 96.2 93.8 91.4 90.0 89.3 89.1

Mixture of ethyl alcohol and ethyl acetate

Pressure, sm Hg 25 50 100 200 400 600 760 900 1200 1500
B.P. of azeotrope, : )
°C "lo"’ 1006 2308 38."" 5409 650“' 7108 76.5 85 91.8

Content of alcohol -
_ in azeotrope, mole % 22.1 2k.6 28.2 33.4 39.6 U43.6 46,4 48.5 52.2 55.h4

The third types of infinitely miscible liquids includes mixtures with
a total vapor pressure characterized by a minimum at constant temperature.
An example of such a system is provided by a mixture of acetone and chloro-
form (see Fig. 19 for experimental data). Along the abscissa are plotted
molar fractions of chloroform, and along the ordinate vapor pressure in
mm Hg; the lower curve shows the dependsnce of the vapor pressure on the
composition of the vapor phase, the upper curve the relation between the
" vapor pressure over the solution and the composition of the solution. The
figure shows that the composition of the vapor over a solution, the molar
fraction of chloroform in which is equal to 0.625, is the same as that of the
solution; the liquid phase of a mixture, the molar fraction of chloroform in
which is less than 0.625, is richer in chloroform than the vapor phase in
equilibrium with it, while the opposite situation applies when the molar
fraction of chloroform in the mixture is greater than 0.625.

Fig. 20 shows the dependence of the boiling point at constant press-
ure on the composition of a mixture of nitric acid and water, a mixture of
the third type. The molar fraction of nitric acid is plotted along the
abscissa. The curves in the figure, relating the b.p. and the compositions
of the liquid and vapor phases, are characterized by maxima and have a
common point, corresponding to an azeotropic mixture.

It is easy to see that mixtures of the third type obey both the
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firat and second of Komnovalov's laws.
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Fig. 19: Dependence of vapor Fig., 20: Dependence of boiling
pressure of a mixture of ace-~ point of mixtures of nitric acid
tone and chloroform on phase and water on phase composition
composition at constant temp- at constant pressure. Ordinate:
erature. Ordinate: pressure, temperature, degrees; left: vapor;
mnm Hg; left: vapor; right: right: liquid.
liquid.

It is clear from Figs. 17, 18, 19 and 20 that the curves p(x) and
p(y) have a dependence opposite to that of curves Hx) and 4*(y). The
maximum of the total vapor pressure at constant temperature corresponds
to a minimum of the boiling point at constant pressure and vice versa.

'11. Mixtures of Liquids of Limited Miscibility

An example of a mixture of this type is a mixture of aniline and
water, which up to a certain limiting conceantration will give a homogen-
eous solution. If further water is added, on shaking the mixture separates
into two layers: the lower consisting of aniline saturated with water and
the upper consisting of water saturated with aniline; when the amount of
water added becomes sufficiently large, a homogeneous solution is again
obtained, but this will be a solution of aniline in water.

The mutual solubility of liquids with limited miscibility depends
on the temperature. The classic investigations of V.F. Alekseyev have
shown that the solubility of liquids increases in some systems with in-.
crease and in others with decrease in temperature. The solubility of anil-
ine in water and of water in aniline increases with increase in temperature
and at the critical point becomes unlimited. This unlimited solubility is
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remains during further heating. Solubility in the system diethylamine~water
increases with decrease in temperatnre and at temperatures below the critical
the two liquids have unlimited mi..ila...y. In certain mixtures two critical
points are observed.
The composition and vapor pressure of a saturated sclution of A in B
(e.g. aniline in water) and a saturated solution of B in A (e.g. water in
aniline) are the same at the same temperature. This can be proved. Let
us take a ring-shaped tube and introduce into it two saturated solutions
of the infinitely miscible liquids A and B (Fig. 21). The vapor pressures
over the solutions in the tube must be the same.
Fig. 22 shows the dependence of the total vapor pressure of mixtures of in-
- finitely soluble liquids 1 and 2 on the phase composition. Molar fractions
of component 2 are plotted along the avscissa. The curve AC characterizes
the vapor pressure over the solution of component 1, the point C corres-
ponding to a saturated solution of component 2 in component 1; the length
cut off by a perpendicular from point C along the abscissa gives the molar
fraction xé of component 2 in this saturated solution. DB is the pressure

curve for solutioms of the first compoment 1 in component 2 and D corres-

ponds to a saturated solution of component 1 in component 2; xg represents

the molar fraction of component 2 in the solution. The mixtures CD are
heterogeneous; they break down into saturated solutions C and D.

Curves AE and EB give the dependence of the total vapor pressure on
the composition of the vapor phase.

If we construct a diagram of composition v. boiling point for con-
stant pressure, we get the picture shown in Fig. 23.
. Hexane and methyl alcohol constitute a pair of substances corres-

ponding to figures 22 and 23. '

In certain circumstances two infinitely miscible liquids may give
& picture different from that discussed above. In this case the dependence
of the total vapor pressure at constant temperature on the phase composition
is represented by the curves in Fig. 24. This case is characterized by the
fact that the vapor E over the saturated solutions C and D has a composition
lying within the interval xé x .

Fig. 25 gives the dependence of the boiling point at constant press-
ure on the phase composition for the second case.

12. Mixtures of liquids with Slight Mutual Solubility

It is worth paying special attention to mixtures of liquids with
slight mutual solubility. Examples of such mixtures are toluene-water,
benzene-water, xylene-water, etc.

Fig. 26 shows the dependence of the total vapor pressure at constant
temperature on the composition of the liquid phase of mixtures of liquids
characterized by slight mutual solubility. The molar fraction of component

2 of the solution is plotted along the abscissa. Here xé is nearly zero

and xs nearly 1.
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In the region AC component 1 dominates the solution and should be
considered the solvent. The partial pressure of the vapor of this compon-
. ent is defined by Raoult's law

P1 = ProXy = Pro (1 — xp). ) (1.24a)

In a solution belonging to the region AC component 2 represents an inconsid-
erable quantity. To determine the partial vapor pressure of this component,
it is necessary to make use of Henry's law, according to which at conatant
temperature the concentration of a gas in a solution is proportional to

the pressure of this gas. Thus, we can write:

pe = kaxs, . (1.2b4b)

where ka is a proportiomality factor.

For a saturated solution C
P1 = Do (l - x;) and Ps = kgx;. ' (102"’0)

In a soclution corresponding to the region DB component 2 predominates
and should be regarded as the solvent. In the region DB the partial vapor
pressure of this component will be equal to :

Pz = paj0Xa. (1.24d)

Component 1 is present in the solution in small quantities and thus
its partial vapor pressure will be

m =k =kh(l —x). (1.2%e)
For a saturated solution D
pa= puo¥y 804 p =k (1 — ). (1.24£)

From (1.24c) and (1.24f) we find:

i x; 1——1;
kg = pz,o7‘ , and k1'= ProT—=- (1021"'8)

1—x,

2
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The total vapor préﬁaure of the saturated solutions C and D will be
P =P pg= po(l — x;) + Pz.ox;- . (1.24h)

Formula (1.24h) defines the vapo: "r»ssure not only of the solutions with

concentrations xé and xg but also of mixtures with a molar fraction of

component 2 lying between xé and xg. Such mixtures may be regarded as

mixtures of the saturated solutions C and D. :
For mixtures of liquids with very slight mutual solubility the
value of xé is close to zero, while xg is close to unity; accordingly, with

" sufficient accuraecy: _ .

p = Pro + Paor | (1.241)

i.e. the total pressure of vapor in equilibrium with mixtures of very slight-
ly mutually soluble liquids is equal to the sum of the saturation vapor
pressures for the pure compon....s. In such cases the molar fraction of the
second component in the vapor phase will be equal to

T N
, 2 ProtPae ‘

Since the boiling point of liquids is equal to the temperature, at
which the saturated vapor pressure is equal to the external pressure,
and the total vapor pressure over liquids with very slight mutual solubility is
the sum of the saturated vapor pressuree of the components of the mixtures,
* then the boiling points of such mixtures will always be lower than the boil-
ing point of the pure components. Let us consider some examples.

The b.p. of benzene is 80.2° and that of a mixture of water and
benzene 69.2°. The molar fraction of water in the vapor phase of the boil-
ing mixture is then equal to 0.30.

Toluene boils at 110.7° and a mixture of toluene and water at 84.5°.
In this case the molar fraction of water in the vapor is 0.56.

The b.p. of m-xylene is 139° and that of a mixture of xylene and
water 92.5°. The molar fraction of water in the vapor phase of the mixture
is 0.76.

These examples show that the molar fraction of water in the vapor
phase of a mixture increases with increase in the boiling point of compon-
ent 2. '

13. Ignition Temperature of Binary Mixtures of Combustible Liquids

‘ The ignition of binary mixtures of infinitely scluble combustible
liquids has been investigated by P.G. Ipatov /22/. 1In Ipatov's experiments
solutions of liquids were poured intc a glass tube 3 mm in diameter and
the ignition temperatures of the solutions determined for different distances
from the surface of the liquid to the edge of the tube. Fig. 27 shows the
results for toluene + benzene, which behaves like an ideal solution, Fig. 28
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those for isoamyl + ethyl alcochol, a normal type with positive deviation
of the pressure from that caicuswc.. in accordance with the laws of ideal
solutions. Tig. 29 shows the results for imperfect mixtures of ethyl
alcohol and benzene, for which the curve of total pressure has a maximum.
The ignition temperature is plotted along the abscissas and the distance h
between the level of the liquid in the tube and the flame along the ordin-
ates.

The curve marked 1 in Fig. 27 shows '3B(h) for pure benzene; curve 6

that for toluene, and curves 2, 3, 4 and 5 those for mixtures containing
0.8, 0.6, O.4 and 0.2 molar fractions of benzene in the solution. It is
clear from the figure that the curves for mixtures of benzene and toluene
" lie between the curves for the pure components and the further from the
benzene curve the less the molar fraction of benzene in the mixture. This
means that for a given h the ignition temperature of these mixtures varies
uniformly with changes in their composition.

Fig. 30 shows the dependence of the ignition temperature of mixtures
of toluene and benzene on the composition of the liquid (curve A) and vapor
(curve B) phases for constant h. The figure shows that the temperature B

varies uniformly with changes in the concentration of the components in both
the liquid and the vapor phases. The simplest dependence is that between
the ignition temperature and the composition of the vapor phase: if by J% c
we denote the ignition temperature of the mixture, By 19B T and mﬂb o

the ignition temperatures of the toluene and the benzene, and by y the

molar fraction of benzene in the vapor phase, then the experimental data

. satisfy the following relation:

P c = Bor + (ﬁn.ﬁ—'ﬂ.ﬂ- ) Y A (1-25)

The dependence of J% on the composition (analogous to Fig. 30) was

also observed by Ipatov for mixtures of benzene and ethyl ether, ethyl and
methyl alcohol, ethylene chloride and benzene and benzene and acetone, All
these can be regarded as ideal mixtures. The ignition temperature varies
linearly with variation in the molar fraction of one or the other component
in the vapor phase.

Fig. 28 shows that the curves v_(h) of mixtures of ethyl and isoamyl
alcohol follow in order of increasing molar fraction x of ethyl alcohol in
the solution (as with the mixtures of benzene and toluere). TFig. 31 gives
the dependence of the ignition temperature on the phase composition of
these mixtures. In this case the relatiomship is graphically represented
by curves. The same thing is observed for mixtures of toluene and acetone,
mixtures of the normal type with a positive deviation of the pressure from
that of ideal mixtures.

It is clear from Fig. 29 that the curves Jh(h) for mixtures of

ethyl alcohol and benzene lie to the left of the corresponding curves for
the pure components. This order of the components confirms the fact
that the ignition temperature of these mixtures does not vary monotonically
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Fig. 30: Dependence of ignition Fig. 31: Dependence of ignit-
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with variation in the phase composition. The ignition temperature of some
mixtures is lower than that of the pure components. An analogous picture is
observed in connection with mixtures of toluene and ethyl alcohol and methyl
alcohol and benzene, imperfect mixtures with a pressure maximum.

We may assume that é%(x) and J%(y) for imperfect mixtures with a

pressure minimum will form curves with maxima, and that the ignition temper-
ature of some of these mixtures will be higher than that of the pure com-
ponentg.

The laws governing the ignition of mixtures of combustible liquids
can be explained on the basis of the same assumptions as were made in des-
cribing the ignition of individual liquids and with reference to the theory
of solutions. This can be done as follows /22/.

Having appeared, a flame will not go out, if vapor and oxygen are
supplied to it at a sufficiently high rate. The vapor will enter the com-

bustion zone a8 a result of diffusion and molecular motion. If by N1 and

N2 we denote the number of moles of the first and second components enter-

ing 1 sq. cm of flame per second, by ny and n, the molar concentrations of

the components in the vapor phase, by D1 and D2 the coefficients of diff-

usion of vapors of the components of the mixture and let the z-axis run
along the axis of the tube from the liquid to the flame, then we can write:
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“'Dl 4 un, = Ny, d"' +lm2~—N2 ’

' (l.25a)

Between the flame and the liquid there will be nitrogen, the distrib-
ution of which is given by:

_D_“l’. + uny =0, (1.25b)

where u is the rate of flow of the vapor.
If, instead of molar concentrations, we introduce into (1.25a) the
molar fractions vy and ya of the components in the vapor phase and bear in

‘mind that |
' . _ ng
yl’f‘ ny -+ ng ’ Y = n1+n”

then, adding the left hand and right hand sides of equations (a) and (b) and
using Mendeleyev's law, we get

— - {[Owi + D) (01 + po) + Dpal- g} + w2t By, (1.25¢)

Here Py P and p3 are partial preassures of the components of the mixture and
of nitrogen and "N=M + MNa.

. It is clear that .
. 1+ p2 4 ps = po,

" where P, is the atmospheric pressure.

Dlyl + Dayz may be regarded as a quantity playing the part of diff-

usion coefficient for the vapors of the mixture /23/. Thus, we can assume
that

D =Dwun + Daye.
. .. (1.254)
Now equation (1.25¢c) can be rewritten in the form:
d ‘
— = (Dg)+ufp=N. (1.25¢)

Neglecting variation in temperature in the region between the liquid and
the flame, we get:
u'—':N&"o
, . o (1.25¢)

Adding equations (l.25a), bearing in mind (1. 250) and (1.25d) and using
Mendeleyesv'a law, we get:

(1.25g)



where p = Py + P,

If the origin of the coordinat.. is put at the surface of the liquid,
and the distance from the liquid to the flame denoted by h, the boundary
conditions may be written az follows: when z = O, p = n, where = is the
saturated vapor pressure of tlhe solution; when 2 = h, p = O.

For these boundary conditions the solution of (1.25g) will have the

form:
#= o= e, (1.26)
where
RTu N
b-‘: po —5-. (1.263.)

Equation (1.26) expresses the relationship between the saturated vapor
pressure of the mixture at the ignition temperature and the quantities b and
h. This equation is the same as the corresponding equation for an individual
liquid.

During the combustion of mixtures of liquids the height of the flame
will be equal to: ‘

N s
6-'IJD,(n,(r' .

where No is the number of moles of oxygen entering the flame per sq. cm per sec;
Dk and n, are the diffusion coefficient and molar concentration of the oxygen;
r is the radius of the tube.

It is evident that for complete combustion

Ny = BN +PBiNs = BN, (1.26b)

where Bl and BZ are the numbers of moles of oxygen required for the com-
bustion of a mole of the first and second components respectively.
From (1.26b) it follcws that

B =B + B (1.26¢)

Taking into account (1.26a), (1.26b) and the dependence of D on the
temperature, we get:

= a R g Dt 1
b=4.273 Lo 5% o (1.264)

Equation (1.26) is in satisfactory agreement with experiment. Figs.
27, 28 and 29 show curves drawn in accordance with this formula. In plotting
these curves values of =n were teken from tables, and values of b were
chosen so that the curve would correspond as closely as possible to the ex~
perimental data. .

For mixtures of liquids with fairly similar ignition temperatures it
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is possible to assume ﬁhat for fixed values of r, §, P, and n,

. Dn '
4—273'7,’5’ — 71— = g, = const
and o N B
’ b = ~a°_-
)0

LB (1.26e)

Table 1.5 gives values of a = bexDoB‘ for a series of mixtures and

for the conditions under which Ipatov's experiments were carried out.
As the Table shows, there is little change in a, vwhen the composition

of the mixture is varied. Hence, if we take a mean value of a, = 0.254 and
values of D and B , then with sufficient accuracy we ocan use (1.26e) to

find the value of b for the mixtures in which we are interested, and, having
information about the saturated vapor pressure of the mixture, we can also

determine, making use of (1.26), the ignition temperature of the mixture
under the given conditions.
where bh is small compared with unity, instead of (1.26) we can write:

n = po bh. .
For constant h we get: *

“h;‘A
) " DB’ : (1.27)
where D is a constant for a given instrument;
) B is determined from (1.26b);

D_ is the diffusion coefficient for the mixture, found from (1.254)
and taken for 0°.

Table 1.6 gives values of the coefficients b, computed from (1.26e)
and found by experiment. In computing b the wvalue of a, was taken equal to

the mean value in Table 1l.5. In Table 1.6 the computed values are given
in the numerator, the experimental values i the denominator.

These results show that the ignition points of mixtures of liquids
are not constants of the mixtures but depend on the corresponding conditions.

We shall now examine the dependence of the ignition point on the com-
position of the mixture.

At the ignition temperature the saturated vapor pressure of mixtures
of liquids is found from equations (1.26) and (1.27). It is clear that the
ignition point of mixtures is equal to their boiling point for an external
pressure :

p'==po(l-;e~ML ‘ (1.28)

Relation (1.28) permits a number of conclusions.
If the quantity b entering into (1.26), (1.27) and (1.28) does not

* bex is the value of b found by experiﬁent.
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Table 1.5

Components
A B
Toluene Benzene
Benzene Ethyl ether

Ethyl alcohol

Toluene

Ethyl alcohol
Isoamyl
alcohol
Ethyl alcohol
Toluene

Chloroform

Methyl alcohol

Ethylene
chloride . . . Benzene
"~ Isoamyl .
alcohol . « . Ethyl alcohol
Benzene Acetone
Toluene Acetone
Ethyl
alcohol . . . Benzene
Toluene Ethyl alcohol
Table 1.6
Components
A B
Toluene Benzene
Benzene Ethyl alcohol
Ethylene Benzene
chloride
Benzene Acetone
Acetone

Methyl alcohol
BEthyl alcohol

Benzene

Ethyl alcohol
Acetone

Mo actions of component B _Mean
o l 0.2 ! 04 | 06 | o8 ] lm'] a0
|
| 0,242 | 0,246 | 0,238 | 0,246 | 0,249 | 0,243 | 0,243
0,243 | 0,222 | 0,222 | 0,239 | 0,262 | 0,270 | 0,243
0,263 | 0,252 | 0,234 | 0,222 | 0,223 | 0,238 | 0,240
0,270 { 0,272 | 0,266 | 0,268 { 0,265 | 0,243.| 0,264
{ 0,263 | 0,260 | 0,257 | 0,250 | 0,260 | 0,264 | 0,260
0,243 | 0,262 |-0,260 | 0,263 | 0,264 | 0,268 | 0,260
0,242 | 0,252 | 0,245 | 0,252 | 0,244 | 0,268 | 0,250
0,263 | 0,262 | 0,268 | 0,258 | 0,238 | 0,243 | 0.255
0,242 | 0,271 | 0,234 | 0,262 | 0,259 | 0,262 | 0,256

Molar fractions of component B
0 l 0,2 I 0.4 | 0.6 ' 0.8

[_*0,38 0,40 | 0,41
*+0,38! §,40 | 0,40
0,42 | 0,47 | 0,49
0,42 | 0,43 | 0,45
1,17] 0,88 | 0,70
1,12} 0,9 | 0,71
0,45 | ¢,53 | 0,62
0,42 | 0,54 | 0,62
0,39 { 0,54 | 0,65
0,38 | 0,54 | 0,64
0,78 { 0,86 | 0,93
9,86 | 0,90 | 0,91
0,59 | 0,63 | 0,76
0,60 | 0,63 | 0,75
0,83 | 0,60 | 0,54
0,86 | 0,62 | 0,57
0,40 | 0,53 | 0,58
0,38 | 0,56 | 0,58
— | — |1,04
1,05

+  Coefficient b computed (numerator)
**  Coefficient b experimental (denominator)
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depend on the composition of the mix" ~e, then for a given value of h for
a mixture of two known components . .

’ = gt = const.

In this case the dependence of the ignition temperature '&B on the composition

- of the liquid and vapor phases of the mixture is graphically represented by
curves coinciding with the curves giving the relationship between the boiling
point 49-K and the phase composition for constant pressure, determined from

(1.28) for bh = const.
If b depends on the composition of the mixture, then for constant
‘h = h curves &B(x) and «9'B(y) will coincide with curves '&K(x) and %(y)

provided that the external pressure p' is determined from formula (1.28),
in which b is a corresponding function of the composition.
It is clear that curvees % (x) and &(y) for variable b differ from

the curves giving 19' as a funct:l.on of x and ¥y for constant pressure, this

d:.fference being the great er the more strongly b depends on the composition
of the mixture, but the mature of the curves showing the dependence of %

B
and 19' at constant pressure on the phase composition will bde the same.

!mus, with imperfect mixtures of the type characterized by the presence
of a minimum in curves % (x) and % (y) for p' = const., there must be a

minimum in the curves 5, (x) and & (y). Such curves have been obtained by

_ Ipatov in his investigationa into the ignition of imperfect mixtures of the
second type.
In the case of imperfect mixtures with isobaric curves < (x) and

iR S (y) characterized by a msximum, the dependence of 1} on x and y must be

represonted by curves with maxima. The addition of one conponent to the
other must then lead to the formation of mixtures with ignition points higher
than those of the pure components.

Obviously, minima and mexims in the ignition curves must correspond
. to azeotropic mixtures.

It should be noted that with variation in the ignition conditions
the curves JB(x) and J-B(y) and the positions of the maxima and minima will

change.

Let us now look more closely at the dependence of the ignition point
of ideal mixtures on the composition of the vapor phase. We shall limit
the discussion to cases where b may be considered constant and the ignition
points of the components are fairly close.

For ideal mixtures relation (1.23) holds and this can be rewritten
in the form:

% =T + (.0 — o) W,

(1.28a)
vhere = is the total vapor pressure of-the mixture;
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nl 0 and ua o are the saturated vapor pressures of the pure components
* ]

at the igni:’  temperature of the mixture;
X5 is the molar fraction of the second component in the solution.
From (1.24) it follows that
Xg=
L 14 —1)ys ° (1.28'0)

where ¥, is the molar fraction of the second component in the vapor phase,

and r _ %o
} o = “g,o .
Substituting the value of x, from (1.28b) in (1.28a), we find that for ideal
mixtures: ' '
o 2,0

i@~y

If vy T; and TZ we denote the ignition temperatures of the mixture

and the second compoment, measured in degrees on the absolute scale, and by
the difference between these temperatures, then .

’Te-f-T,+o=T.(1+—°ﬂ). .

Since ‘3¢T2 is small compared with unity,

L1 1 (,__9_)__1;__';
T, Ts (1 + ; T: Ts s T K
aad
2 2
Rpo=ae RTe = TIX'3
where
Q.
~ "RT,

Il =ae

and is equal to the saturated vapor pressure of the second component at the
ignition temperature of this component;
Q is the heat of vaporization of a mole of the liquid.

If -2 % is significantly less than unity, then with sufficient

RIS

2 @
accuracy: - RT: _ Q
e —.14~;a§-0
and

Ty o™= H(l -+ R?I': :0) .
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mua. with the aaeﬁmptions ude above, we can write

"“l](1+ (1.28¢)

Since a' varies slowly with change in tomperaturo, it follows from
(1.28¢) that

) .., = =const.

R‘o 1"‘(@'*"1)”.

= g1 -} &ays,

where EJ-. and 82 are corresponding constants, the value of which is easy
. to determine. In fact, when Y = O S = T, - T, = S - v and when
' y, =1, T = T, and, hence, o= 0. Whence

e =% —0; ea-fex=0
and . ’

'ﬁc == 0! + ('02 — ﬁl) Ys. (1.28d)

Here 49& . Ji and 492 are the ignition temperatures in °C of the mix~

ture and tbe first and second components. Accordingly, where b is practic-~
ally independent of the composition of the mixture and the ignition points
of the components are close, the ignition temperature of an ideal mixture
of the liquids is a linear function of the molar fraction of a component
in ‘the vapor phase.

These conditions are satisfied by mixtures of bengzene and toluene.
Ipatov's experiments shov that the ignition temperatures of such mixtures
actually obey relation (1.28d).

ilb. Ignition Points of Mixtures of Combuatible and Incombustible Liquids

There are no data in the literature concerning the ignition points
of mixtures of combustible and incombustible liquids. We shall therefore
confine ourselves to certain theoretical considerations, which we shall
teat indirectly.

We shall assume that we have a homogeneous mixture of a combustible
and an incombustible liquid (e.g. a mixture of ethyl alcohol and water)
contained in a cylindrical tube and at & temperature equal to the ignition
temperature. Suppose now that a flame is brought up to the end of the tube.

The distribution of concentrations of the components and nitrogen in
the region lying between the liquid and the flame will be detérmined by the
- solution of the equationa.

_ Dy d"‘+um Ni —Ded 4 = Ny —Dst8 fum=0.  (1.29)

Here the subscript 1 refers to the cosmbustible, 2 to the incombustible liquid
and 3 to nitrogen; the notation is the same as in the previous section,
If we assume that .
Dy = Dg = D3 = D.
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then it is easy to arrive at the equation

dp _ RT A
— 2 =FN(0-£), (1.29a)
in which
p=p +ps

In this case the boundary conditions may be written as follows:
at the surface of the mixture (z = 0) p = % = x; + %,, where x is the total

saturated vapor pressure of the mixture at the ignition temperature, and
' X and x, are the partial pressurss of the components of the mixture; when

z = h (in the flame) P = 0, and P, = Y%, where Y is a factor close to
unity.
For these boundary conditions the solution of (1.29a) may be written:

‘ﬂl == m-—-—ﬂ’-—-(p'o'—"{“') e-bh- (long)
where |
p_ RN .
T TpD
II Y = 1' -
— — —— bA
= (po— ) (1 — e (1.29¢)
and
um = u—,;'—,'.—'- = Na,
and since )
T
u = (N1 4+ Ns) R >,
Po
Ny Ty __ .
7 (M +Nz)—,;§—- 2. (1.294)
The height of the flame
: _ Nt
—wxnx ’
and
No = M
Hence. ‘ a
v M= 4D,n,B—f;. (1.29¢)

From (1.29d) and (1.29e) it fallows that

N = N1 + N = 4Dy ooy =B
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RTB ) Po_ ’
b= 45, DiegAg =" | (1,29¢)

In this case, when bh is small compared with unity,

%1 = (po — ms) bh =B°B"T’, (1.29¢)

vhere "
B = 4-273’ RDxnx -fT .
For the two liquids in question, when n,, S, h and r are fixed, if

the variation in concentration iz small, we can assume that
B

= t=C, -
_ DT, ~ © | (1.30)
and ul = C.

From (1.30) it follows that the ignition témperature of homogeneous
mixtures of combustible and incombustible liquids is equal (with the assumpt-
ions made above) to the temperature, at which the partial pressure % of

the vapor of the combustible component over a sclution of the given com-
position is equal to C.

. As already noted, the literature contains no data relating to the
ignition of mixtures of combustible and incombustible liquids. However, we
do have certain information about the flash points of such -mixtures. Since
the ignition temperatures are close to the flash points, we shall use the
latter to test our theoretical conclusions.

In Fig. 32 the triangles denote the results of determinations of the
flash points of solutions of ethyl alcohol in water; the curve is based on
relation (1.30). The constant C has been chosen so that (1.30) closely
corresponde with the experimental data. The figure shows that in this case
the theory is in satisfactory agreement with experiment.

P
»n

%

N

S

3

*——

od L‘Ilunmaads pocmippe
Fig. 32: Dependence of flash point on composition of mixtures

of ethyl alcohol and water. Ordinate: flash point, degrees;
abscissa: proportion of ethyl alcohol in the solutioq.

Temnepomypa Bcnsiwny,epad
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The literature does contain data about the dependence of the flash
points of mixtures of ethyl alcohol and wates or carbon tetrachloride, but
since the partial vapor pressures for these mixtures at different temper-
atures are not given it is not puso..le to compare the results obtained
from equation (1.30) with the experimental data in question.

We still do not know whether in such cases formula (1.29g) agrees

with experiment.

.
15. Flash Points of Binary Mixtures of Combustible Liquids

In order to compute the lower flash limit, and hence the lowest
flash point for a liquid, we make use of lLe Chatelier's rule. This rule
is an application of the displacement law to mixtures of combustible gases
and can be written in the form )

k=

1

vy 1=
vhere k is the limit of ignition of the mixture;
kl, kz the limits of ignition of the components;
¥y the molar fraction of the firat component in the vapor phase.

In a number of cases this rule gives results close to those obtained
by experiment. This is evident from Table 1.7, which gives Ipatov's exper-
imental data /24/ and valuss of the flash limit ky computed from (1.31).

In the table y denotes the molar fraction of benzene in the vapor phase.

"Naturally, for fuels that strongly influence each other in burning
we cannot expect that this rule will be fulfilled even approximately.
Therefore we sghould not look for a special explanation either for very large
or for very small infractions of the rule. On the other hand, we would need
an explanation, if we unexpectedly found that Le Chatelier's rule was gener-
ally fulfilled. In this case we would be the better justified, the more
similar the substances in question. In practical terms, the most inter-
esting instance is that of a mixture of substances with parallel (similar)
properties. Here Le Chatelier's rule can often be useful for a prelim-
inary evaluation." This is how Jost /13/ characterizes Le Chatelier's rule.

Since the flash point is close to the ignition point, in computing
flash points and limits of ignition we can use results obtained for the
ignition temperature. This technique has proved successful both for indiv-
idual liquids and for mixtures of ethyl alcohol and water. It is also con-
venient to work in this way in relation to mixtures of combustible liquids.
We then make use of formula (1.27), determine the constgnt A and compute
the limit of ignition k of the mixture from (1.3).

In Fig. 33 the hollow circles denote the results of Ipatov's exper-
iments with mixtures of benzene and toluene; the solid circles denote exper~
imental data relating to mixtures of ethyl alcohol and benzene and the
triangles experimental data for mixtures of acetone and benzene. The curves
are based on (1.27) and (1.30). The same value of A was used for all three.
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Tﬂble l. 7

Ethyl alcohol Benzene and Acetone and
and benzene toluene benzene
.s"::"":e'u‘;m'l" Bex301 ¢ TOAYOAOM Aneror ¢ Gensonom
v &k gly | k]| & y k| R
0 4,40 | 4,407 0 J3| 2,13 0 3,10 3,10
0,37 | 3,10 | 3,40 | 0,34 2,18 2,23 0,44 2,80 2,78
0,69 | 2,64 { 2,99 | 0,65} 2,28 2,30 0,70 2,68 2,62
0,711 2,47 ]| 2,81 j0,73] 2,32| 2,35 0,88 2,58 2,51
1,10 2,46-| 2,45 { 0,91 | 2,40 ] 2,42 1, 2,45 2,45
- - — |1,00]2,45| 2,45 — — -

The required values of Do were taken from the corresponding tables. The

figure shows that in these cases formula (1.27) satisfactorily’describes
It should be noted that in describing the results
of these experiments we used only one constant found experimentally. In
computing the limits of ignition for an examination of mixtures in accord-
ance with Le Chatelier's formula six constants are used.

the experimental data.
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Fig. 33: Dependence of limit of ignition on benzene content

of vapor phase for:

1 - benzene + toluene; 2 - ethyl

alcohol + benzene; 3 - acetone + bhenzene. Ordinate:

limit of ignition; absc.

in vapor phase.
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. Part Two
BURNING OF LIQUIDS IN VESSELS

Flames from Liguids

A liquid burning in a vessel is, in effect, a stream of
vapor burning in air; the flow of vapor is maintained by evapor-
ation, whose rate is governed by the flow of heat from flame to
liquid. The oxygen derives from the surrounding gas.

The flame is of diffusion type; the burning is a special
case of the combustion of unmixked gases. .

Shape and Sizg,ofiF;amg .

The shape and size are very much dependent on the diameter
of the burner or vessel, as Fig. 1 shows for flames from gaso-

line [1]. The flame has a clearly defined fixed conical shape
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Fig. 1. Flames of gasoline burning in vessels of var-
ious .diameters: a) 1.1 cm; b) 3.0 em; c) 15 cm; d) 130 cm.



when the liquid is contained in tubé not more than 10 mm in dia-
meter; longitudinal pulsations appear as the diameter d
increases, and the height oscillates with a low frequencéy (about
15 ¢/s). Thé flame begins to break up as d is increaged further,
and random turbulent motion is the sole effect for d > 15 cm.

Table 2.1

d, cu . T R ) u B | m‘

s | | 3 | e 3 8d
0,37 —_ —_ 3.0 8,1 3,6 10
0,50 — — 3,9 7,7 5,4 1
0,60 9,51 16 4,3 7.2 6,3 10
0,71 9,7 13,5 5,0 7,0 6,3 9
1,14 11 ,9 10,4 7,8 6,8- 9,6 8
1,97 20,3 | 10,3 13 6,5 15,3 8
2,98 24,2 8,1 19 6,4 20 7
4,7 31,4 6,71 '27 5,7 29,5 6
80 | — | — | 4 50 | 41,3 | 5
14,8 —_ — — — - 68 5
30 100 3,31 — — —_ —_— .
130 300 2,3 220 1,7 208 1,6
260 | 40} 1,7 31 L2 | — -
2290 {39001 1,7 — — -— -

Notes. I, automobile gasoline; II, diesel oil; 1III, trac-
‘tor kerosene. All commas in numbers should be read as
points.

It is found [1] that the height P increases with d (see Table
2.1); at first §/d decreases rapidly, but there is later little
variation as 4 increases.

The structure and shape show that there are several modes of -
burning, namely laminar for d small and turbulent for d large [2].

Laminar Flames

The flame separates the region where there is oxygen but no
vapor (the oxidative region) from the one where there is vapor
but-no oxygen (the reductive region); the two components react
in the flame, which forms a very thin layer if the reaction rate
is high. The concentrations of the reactants are zero at this
surface or layer, as Fig. 2 [3] shows for hydrogen emerging from a
burner into air. A stoichiometric mixture is burnt in the flame
zone [h—6];. if we were to assume that the concentration of one
reactant (say oxygen) at this surface is not zero, we would have
that a combustible mixture could form away from this surface,
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which:mixtureKWOuld burn at
the prevailing high temperas

ture, so the flame zomne TN | i
would be displaced. The I\ : 1
result is that the flame I\ k S
ates to a position where |  ?\ . k& A
b - h: 1 ' D
7 I
| 1 H
Zero. + Y :
y :f T
Flame
Burke and Schuman [7] Fig. 2. Simplified model of
flrst gave this theory ih concentrations in a diffusien

28; they considered the flame: 1) oxygen; 2) reaction
combustlen of a jet of gas products; 3) nitrogen; &)
emerging from & cylinder VapPOr

inte a ¢oaxial ¢ylinder

g air flowing at the same speed. They derived an egua=
tion for the shape and size of the flame. This is a particular
case; but some of their results have a nere gemeral sisnificance;
the theory is applicable teé flunes from liquids, so we deal
briefly with it here.

The discussion is based on the mutual diffusion of fuel and
oxygen in & cylindrical c¢oordinate system (z,r), the z axis being
the axis of the buraer and the origin belng gt the eenter of the
end, which has & radius R1. The radius of the outer chamber is
Rz, the oxygen conceéntration is Cls the fuel concentration is cg,
the rate of consumption of oxygen is wy (that for the fuel being
wa), the stoichiometry factor is B (since wy = Bwyg), and the flow
speeds are u. The procéss is steady, and the diffusion coef-
ficients D for fuel and oxygen are the same.

‘The diffusion equations are

.af,s_ Q?CK i g acx) '
u wrra D [T}z* -+ Far (r e J — W,
Thdz T Tbe Y rar N\ or y) T

" 'The first équation is multiplied by P and is subtracted from
the second, which,: in conjunction with thé netation

€ = €a ~ flek

-



gives us that ‘
ac ¥ , 0% i dc
“T*D<az-+&7+7'57)' (2.2)

The term in (2.2) for diffusion along the flame is small
relative to the others; that is,

o3¢ 1. dc

<a'7+ rar A
and so we may put that
% (¥, 1 & (2.3)
“az'"D(&?'f“r"JF)' : _ 5 ,
The dimensionless coordinates
- Fo T 5. Dz
. . . R "~ uR?
enable us to put (2.3) as
' d _d 1 ac : (2.4)°
e o T F "7

The boundary conditions are ¢ = c,¢ for the gas in the tube
at z = 0 and T ¢ T, (here T, = R1/R2), C = Cq for the oxygen at
z=0and ¥, s T $1,and ¢/F=0atr=0and T = 1. Burke
and Schuman's solution to (2.4) subject to these conditlons is

C¢+Bcox Ty (1,70) To (1;7) _p&;
R L U AL Ly ] -
%ot F By [ 72 2 ) ’ (2.5)
.in which I, and I4 are Bessel functions of the first kind of
orders zero and one, the u; being the roots of

I1 (l-li) =

Now ¢) and ¢f are zero in the flame zone, so we put ¢ = 0 in
(2.5) to get the equation for the flame surface. Figure 3 shows
results 1) for excess oxygen and 2) for deficit; experiment con-
firms that there are two types of flame, which have the shapes
shown in Fig. 3.

With ¢ = 0 and ¥ = 0 (excess oxygen) and T = 1 (deficit), the
Z of (2.6) becomes the dimensionless height of the flame; for
given T, and c,/cs we have that

: uR? uR} v '
Z2=const =k, d=¢ D”' ; bee ——-—uﬁ——._- (2.6)

in which V is the flow of fuel. It is found that (2.6) agrees
well with experiment.

Frank-Kameng@tskii [8] has shown that the expre851on for
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¢an be foumd without solving
(2.4), if in this we insert
thé dimensiohless co ntras
tion T = ¢/¢y; theé equation
becomes dirmensionless and
free from paraméters, while
the boundary éonditions cons
- tain ¥y« The solutioén to
(2.4) can then be but as

T = f(f}fﬁfé)i
and the shape of the flame is

given by

This 1mp11es that, for a
given Tg5

s..;-ﬁg—”ec “g' ¢ L ' 0 05 10 .
Fig. 3. Shape of a diffubion
flame (Burke and Sckuman): 1)
¢ylindrical flame with excess
oxygen; 2) the same with too
Little oxygen.

Burke and Schuman's results agree with exveriment, which
means that the mixing conditions gbvern the rate of contbustion
and that the detailed reaction kinetics play no important part
(the slower process is the rate=limitins one). This applies
also to vapors from liquids.

Barr [9] has considered this problem for flews differing in
speed; Hottel and Gausorn {$] have discussed open laminar diffu-
sion flames by using Burke and Schuman's aprroximation, (2.4)
being selved gsubject to the mod1~‘ 4 boundzry condition that
dc/dr is zero at r = @9, not at T = 1, Their solution relates to
the case in which tb atmosphere moves witk the speed of the gas
in the burner; but it does satisfy one of the boundary condi-
tions, so ‘the problem remains unsolved.

-There is a simpler way of solving this problem apvroximately
for the flame from a ligquid {107. The amount dm of oxygen
reaching an element of the steady flame eguals the amount con-
sumed in burning the varor reaching the same element in the same
period. We use the (z,r) system, with z along the f{lame and

the angle formed by r with this axis; here p' and u are the den-
sity and speed of the vapor, g4 and gp are the provertions (by

welzht) of the combustible components (assumed to number two),
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.increases: The oxygen rea

and By and P; are the amounts {g per g) of oxygén rieeded to burn

these, so |
dm = ap* (Brgi'4 Bagd) rdg-dr = up’ [Pz —B) ge +Blrdedr.  (2.7)

This dm may be found in another way. e isolate by means
of twe indefinitely close plahes nermal to 2 a layer in the f‘ew
of vapnor at the surface of the lquld, this
R 6f the burner or vessel. Let it move upwards at the speed Uy
it burns as it moves, and its radius r is that of the flame,
which deécreases. The width of the zone of combustion products
es the flame via a ¢ircular layer of
these products; if we assume that ¢ in this layer is as for a
steady state, then, with ; denoting the distance from the 2z axis;
we have that

D(F+t Zg) =0.

Now ¢ is Cor the oxygén goncentration in the surrounding
atmosphere, at § = - R and is zero at € =r, so

dm’"z =D(%),_ rdvds = —m—kf’i"—m-,— L rdg dz. (2.8)
Then (2.7) and (2f8)-give
Dy dz = r (In R =lnr) dr. (2.9)

P'“l(ﬁs—sl)g"" B ¢

The orlgln may be placed at the surface of the liquid;
r = Rat z = O and

%rhf;df‘?’?G%J"rﬁgiaﬁ

4

. s0 (2.9) gives

Dc, .

TP ulB =B 2+ Bl 2 —-4” R5+~—m—— (2.10)

Further, § = z for r = 0, so (2.10) gives‘us that
P B1—Br) gs + B)
8 =— Wbg, R

But p'u is the amount evanorating per on® per sec, so P'u = pv, in

which 4 and v are the density and linear burning rate; then

8= v [(32 = By). &t B:l Rz (2.11)

. 4Dc,
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. The dimensionless
coordinates

L
sTER
enable us to put (2.10)
as

F = e
=%

Fe= =7 L (2,2)

Then (2.12) defines the
shape of the flame.
' If there is no
second component, (2.11)
becomes :
_ Boo e BV .
4= J-‘ZLD_W;R. = Taboy* +(2:13)

This agrees fully with ' 4
(2.6); Fig. 4 shows | Figs 4. Shapes of diffusion flames
that the agreement with of ethanol in burners.
experiment is also good.
Here 2/ is plotted
against r/R;  the vaprs
. ious symbols denote .
results obtained with
éthanol-water mixtures
used in glass tubes

(d = 22 mm). The full
line represents (2.12); i -
it fits the experi- . T 1 |
mental points ver Y | S L -‘_,:::_"%' U S -
closely. . 7 o3 o

Table 2.2 shows , 2
that (2.6) and (2.11) Fig. 5. Relation of $/pvR to com-
also fit experiments . position; glass, d = 7.7 mm.
with ethanol in glass .
tubes of various diameters; here h is the distance from the free
edge of the burner to the surface of the liquid and v is $he lin-
ear burning rate for the liguid. The variations in §/vR" with R
and'h lie within the limits of error of the measurements.

The following results [1] for (§/v)/1000 for steel burners

stances:
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increases, The oxygen reaches the fl

and B" and 32 are the améunts (p per g) of oxygen needed to burn
these, 80

dm = up* (Brgr' 4 Bzgz) rddr = up” [(Be = 1) @& =Bl rdedr.  (2.7)

This di may be found in another way. e isélate by means
of two indefinitély close planes normal to z & layer in the flow
of vapor at the surface of the liquid; this layer has the radius
R of the burner or véssgel. Let move upwards at the speed uj
it burns as it moves, and its radius r is that of the flame,
which decreases. The width of the zone of c@mhwstion products

e via a cireular layer of
these products; if we assume that ¢ in this layer is as for &
steady state, then; with g denoting the dlstance frem the z axis,
we have that .

D(FE+ta)=0

New ¢ is Cor the oxygen concentratlon»ln the surrounding

atmosphere, at § = R and is zero at g £ F; 50
Then (2.7) and (2.8) give
- Bcﬂ = r. ‘ +9)
ST aTET .”dz r{iln R =1Inr) dr (2.9)
The origin may be placed at the surface of the liquid;
= Rat z = O and
Xrlnrdr—-ﬂ(—Jnr”l@
so (2.9) gives
o LRy + 5k, (2.10)

TP (B =P+ Bxl
Further, & = z for r = 0, so (2.10) gives us that

¥ _ P'ulBa— i) g+ Bl
8= “aDe, -R2.

But @'u is the amount evaneratlnp per cm2 per sec, 50 p'u = PV in
which f and v are the density and linear burning rate; then

3= p0[(Be — Brygs + Bl Rz (2.11)

" ADgy

61



. The dimensionless
¢oordinates

‘ = 2 s

=g ;=%

enable us to put (2.40)
as

7 = ‘l-—-r-_‘_r’ln (2 12)

Then (2.12) defines the

shape of the flame.

‘ If there is no

second component (2.1%)
becomes

pr R. = m' ;(2.13)

This agrees fully with
(2.6): Fig. 4 shows
that the agreement with
experiment is also good.
Here z/8 is plotted
against r/R; -the var~
. ious symbols denote .
results obtained with
ethanol-water mixtures
used in glass tubes

(d = 22 mm). The full
line represents (2.12);
it fits the experi-
mental points very
closely. .

Table 2.2 shows
that (2.6) and (2.11)
also fit experiments
with ethanol in glass

tubes of various diameters;

" Fig. 4.

~ Shapes of diffusion flamé%
of ethanol in burnérs.

ypos®

2
Relation of 8/?VR to com-
glass, d = 7.7 mm.

Fig. 5.
position;

here h is the distance from the free

edge of the burner to the surface of the llquld and v is the lin-

ear burning rate for the liquid.

The variations in 8&/vR™ with R

and'h lie within the limits of error of the measurements.

The following results [1] for ($/v)/1000 for steel burners
show that (2.6) and (2.13) apply also to these more complex sub-

stances:
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Figure 5 shows ¥/, jvf‘Ra &8 a function of g, the proportion of
the second component by weight in the liquid; the crosses repre-
sent results for mixtures of ethyl and isocamyl aléohols, and the -
circles ones for ethyl and butyl alcohols:. The full lines repre-
sent (2:11), whlgg clearly shows good agreement with the actual
behavior of 8/fv ) ‘ o

Further, (2.13) implies that BCV/S should be independent of
the nature of the ligquid for laminakr burning, as is found;
experiments [2] show that the mean pv/§ for éthanol ifn burners of’

" d between 4,6 and 46.8 mm is 1.21 mg/cm.sec, and for butanol for
d of 3 to 30 mm is 0.88 mg/cm.sec (the P- for these compounds are

2:1 and 2.6 respectively). Then Bpv/8 is 2.54 and 2.38 mg/cm.sec

for these two alcohols; the two values are very similar.

The approximaté theory is thus satisfactory, so the rate of
combustion of vapor in laminar burning is governed by the rates of
influx of reactants, not by the rate of the reaction (the latter
is much higher than the rate of formation of the mixture).

Turbulent Flames

The flame. from a 1iqu1d in a vessel over 30 cm in dlameter
is turbulent [1]; nc
but Table 2.1 shows that §/d varies 11ttle w1th d belng about
two, which is much less than for laminar flames. The explan-
ation is 51mple' arguments similar to those for laminar flames

[1,11] show that

'.6-:%,

Bu,t. D o ﬁd o« vd for turbulent flames, and so
decd . (2.14)

The fall in §/d is clearly @ result of the increase in the
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effective D for turbulent flames.

Pulsations in Flames

1. Long ago it was observed that the diffusion flame of a

gas jet in air shows low-frequency fluctuations; thesé have been

" G - ""“i"'.!".Y‘Q':"q'\'”l:ﬁ“’“"“',ﬁm’-“ ‘

E Y,e.’i':f
R
:

" Fig. 6. Protographs of flames from automobile gasoline
(Khudyakov) taken at 32 frames per sec; d: a) 11 mm;
b) 20 mm; c) 30 mm; d) 47 mm; e) 80 mm.

studied by Maklakov [12]. The flame does not fluctuate if the
rate of flow is low, but the length starts to fluctuate as the
rate is increased. The critical flow speed u, decreases as d
increases, and it is also dependent on the nature of the gas.



The type of osc-llatfon alters\as the speed increases; the‘tép'
part of" the flame vreaks away and completes its burnlng in isola=
tion.

the flame is stable if d is lesé than dc, the cr‘tical diameter,

but oseill

‘ 'S5 /s set in above that limdt.
Figure 6a shows the oscillations in a gasoline flame. The nature
‘of the liquid affects ds, which is about 1 ¢m. The type of
oscillation also varies with d; the upper part tends to break
~away as d increases. The top elongates, a neck appears, and

L et

W
LR
———— o o

SRR

o e s A v iy L

a) 5mm; b) 12 mm
the top breaks away; the resmdual part is at first short, but it

soon lengthens again, and the process is repeated. The lower
part of the flame has a regular and simpie shape (Flg. 6, b and c¢c)

rom solar oil in burners of diameters
5. ¢) 15 mm; @) 20 mm; e) to g) 30 mm,

Further increase in d (Fig. 6d) gives rise to an upper part
of complex shape; the oscillations encompass & large part of th
flame. The whole flame begins to pulsate when d is very large,
and we get the continuously changing forms of Fig. 6e. There is
a general tendency for the oscillation frequency to decrease as 4
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only 8 'mj/sec. The corres’om@ing Qe is ?1 ¢
the critical Re rr'he aame 15 iourd fer ’lqmes from llq
The ¢auses of osci e

osé¢illation i8 éi@Sela‘assoclated wlth‘turbulen
of gas from the flame.

ce in the stréam

Figure 7 srows flames of solar oil in rlass eylinders of d
between & and 30 mm: the scot-laden stream above the flame is
elesrly visible. The mode of
fiéw 6f this stream is very much
dependent on d:; the stream is
straight and Fas shkarp outlines
at first if 4d "dc' but at a ceéer-
tain distancée it bézins te o6séil=
late, thée arvlitude increasing
with the distance from thre tube. | 4 . 1
Tinally, the stream is discersed. i ¥ ; 3 {
Thus the flow is larminsy nesy the 0 N:'M:g'm* .0.1"0’” ggy Mﬂ
flame but beéomes turbulent z2fter ' ) V. oM min
a certain disinance. The entire
flow is turbulernt if d > d.-
Similar patterns are cbserved for
kerosene and gasoline.

Pig. ?. Relation of 2, to
rate of congunhtion of
liguid.

L., Kerosene in a tube with d 22.¢ mm gives a stroagly
pulsating flame; the pulsaticns weaken as the distance h between
the liquid and the énd of tre tube irc¢reases, and they cease
entirely if b > he.

It is found that the distance 70 from the tube to the point
of onset of oscillation decreases as d increases (if h is iaxed)
and as h increases (if d is fixed): this 2z, is related to V, tke
rate of consumption of tke liquid.  Figure 2 showes this for var-
ious (denoted by the different signg), the line being drawn in
accordance with

2 = V™" (2.15)

All the points lie rear this curve, whicn means that =z
Zoverned by V, not by & and h: moreover, a cannet vary muc
one limuid to arother.

h from
5. It is krown that incresses with V, 50 24 - 8§ decreases

as V increases, becominr zero at V¢, whereupon the top of the

flame starts to oscillate. The oscillations extend irto the
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flame when V > Vc, and ultlmately the motion becomes so vigoreus
that the top part of the flame breaks away (Fig. 6).

The osc1llat10n in the flame starts whén 4 = dc (for h
; the oseillations starts for b £ h, c if d > dg.
The cr1t1ca1 rate Vo= Vc is given by

'%j=@“¢i%=i®=fbV5

[

ol

(2@16)

nd ek glwes tke d and hc cal-
Here (=) denotes no

Tablevvaﬁ

culatgd from experimental results.

.5.:|v' i ‘Kg’r"a‘uﬁe ¥ Gasoline

12 fies] 226 32| 1069 | 22,6

L o{25(45] o|25]45/65]65]85|125

|50 {36 | s8 {50 {32 |15 |46 |3 |18
. _

d, dw It

<

Vo108, S

o N A N

dg, un

Dy m (R I 42 | | a2 | {79

* 5igns of incipient oscillation.
oscillation in the flame; (+), the presence of escillation.

6. Zel'dovick [14] made a theoretical study of the trans-
ition from laminar to turbulent flow in the gas rising from a2
flame as long ago as 1937; he gave an arsroximate expression for
the limiting behavior. Prandtl {157 has sukssquently made a
detailed analysis of some aspects. The followins is a suymery of
Zel'dovich's work.

The heat flux (not the momentum) is conserved in the freely
rising convective stream above the flsme; then, at lorge dis-
tances from the flame (where the process is self~ modellnp), vie
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have (apart from a constant factor) that
Q = abepb?, (2:17)

if whick 0 is the heat produced per sec, b is the widgth of t”e
streafiy ¢ 18 the thermal capacity of the gas, whose néan 51
terperature, ahd density are u,i}, and:P, The equation cf
motlon for lapmin~r flow is

in wkich 2 and F 4rée as avdve, ; &
the acceleration dué to sravity, ond § is the coefricient of
therwal éxpansion.

neli-nodeling bebavier wives us that

Tre latvteyr rélation

but

S0
' Re - (2,10)
Te-t i3, (2.1¢) shows that
in~r Flow must termin te ot i
stow.

%, 56 the lan=
the whotgrrarbks

7. Tre Re wmiven by (2.16) for the transition v»eimnt ig zbout
160, whict is sbout a tenth ol tie veual critical =e. . 1.5
rot u*e<V°eteﬁ for tre trarsition eceurs at low e in camvective
5 cerevallys for exarrle, F is LCO=500 f
h@abcﬁ VPTLlCil »l-te (151, Tre low Re are At
snecisl share of tre velecity rrofile for th: blute; Lhe very
! eritical ‘Re for flswes cnn Le uraery Fé 51
course, tre mbove value for se uay bte gomkwast toe low, Ffor (2.

20 ¢ == J—T or 2, == - aV ",

TFie lest relatier is simrly (z,15), se ‘el*dovicr's counclusions



may be applied to the experlments quoted above, hls théory

enables us to understand and explain the causes of oscillation,
although many featufes remain unexplained.

Shape and Structure of the Flame from a Vertical
~ Tube Surrounded by a Rising Air Current

- Here an interesting pattern may be observed. The tube con-
taining the liquid (gasoline) is c¢oaxial with the air tube; the

,air speed and liquid level are varied. The top of the burner
"tube may be above or below the bottom of the air tube. It is

found that the flame is extinguished at quite low air speeds when

Fig. 9. Shape and structure of flame from gasollne in.
a tube {d = 9 mm) inside an air tube (d = 13.7 mm);
air flow rate (1/min): a) 2; b) 4; ¢) 8; d4) 10; e) k4.

’ the liguid fills the tube, but it is not extinguished even at

high speeds i{f h # O.

The flame 15 always conlcal 1f the air is at rest; it is
..... Figure 9

shows the effects of a;r when the 11qu1d ;s sl;ghtly below the .
top edge of the tube. At 2 1/min (Fig. 9a) the flame is
detached from the tube and is still strongly luminescent, except
at .the base. The luminous part becomes very small at L 1/min;
the flame is still coniecal, but now with a rim, and its various
parts have different colors. The outline becomes diffuse, and
the flame starts to roar, at higher speeds; Fig. 9, c-e, illus-
trates the behavior.

It is difficult to give a full explanation of this behavior;
it is clear that the flame becomes detached on account of dilution
with air (see Zel'dovich [4] on the extinction of the flame).

The low luminosity is clearly the result of an increased rate of
influx of oxygen.

69



'Temm‘r‘awrve ang. Radiat ien

1. These testureés are very imrortant te the théory and
practice of liqudd combustion, but our informstion on rhem is
rather scanty. Reliable measurements are qifficult to make,
esmec1a11y for turbulent flames: the problewm is made more diffi=
cult by the rapid and con51derable fluctuations if the vessel is
of fairly large sizé.

The luminous flame is of the main interest te us: this con-
tairs many very srall carbon particles. Schak [16] has shewn
that these particles differ in temperaturé from the gas by orly a
fra r of a degree: the enission comes orincivally frem the
patrticles.

Thermocouvles and obtical pyromreters can be used to méasure.
the temverature, provided that the readinss are suitably cOT= )
recteéeds It is best to use two thérsocevples of different (known)
sizes. The disarpearing=filament pyrometer is alsoe convenient,
but this resds only tke by: ness tewrpe re (tkzt of an abso=
lutely black ovody having the same brlwht"eSD 5t the cheosen wave=
lenzth), whieh can differ by several I d desrees from the
trué temperaturé (the desree of blackness iz the co”trolllna
faetor). Several methods fkave been Yroposed | for mes
ing the true temverature and décree of black ess conveniently:
onte 6f these is to measuré the brichtness temperatu it ¢
wavelengths, and another is to use a terverarure lame., lle gdes-
¢ribe the latter in detail.

The temperatureé lamr is a strip-filament lamp whosa bright-
ness temperature is known as a funection 6f current; this enables
ene 16 reéad the terperature in terms of the curreént. The bright=
ness temnerature of the flame, s¢, is measured; the current is
adjusted to make 534+ the brigktress temnerature of tke lamp, some
200=300° more than S Then a measurement is made of syp, the
brirhtness temperature of the lamp as seen throuch the flame.

The readines enable one to deduce the terverature T and degree of
blackness € by means of tke féllowing formulas.

Let By be tbe brightness of the flame ss measured at wave-
length »; then Planck's law gives us that

B; = C\™% exp. ( C“ )= g Ch5exp ( - ;‘—C%) »

in whick C4 and C, are constants. Let By and B)g ve the bright-
ness of the filament as seen directly and via the flame; then
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0.65 1 in the pyrometeri then Cs /) ig

and

By = Ck" exp (——,ﬁ;) = ¢ Ck™ exp (

+wcu—1)r%w(—épy

These eguations gi:v:é us that

1 _ 4, b,

It is usual to use a red filter of effectlvs wavelength

>, 18 x 10 These two
equations (2.20) ahd (2.21) give T (in °K) and & for this wave-
Length.

A more precise result is obtained if T and g are found by
ad justing the lamd current 1 in the measurements on sj and 8y
the point where s3(I) meets slf(I) gives T, for if

By = B4 4By (l —¢) =By,

then
T S A W - W R - A
By = €A% éxp (—-,;;:) = == =ChPexp (— A,_T—)
and T =s,

The following two cases are encountered. If Byr < By,
then Bf & B’lf and 8] > T; if Blf > Bl, Bf >B1£ and 81 <. T,

Hottel and Brayton hkave measured T by reference to sf for
wavelengths in the re!! ond green reégions as isolated by mears of
filters [1€73; +the final results are

Ve R it - YR Lk (2.22)
i%‘*QG%*ﬁﬂ~ (2.23)

Here M and N are known, and sq and sp are measured, so T is
readily found. Special nomograms have been compiled to simplify
the calculatiomns.

Line-reversal methods have been used for nonluminous flames
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[19]); but the methods are not avplicable to luminous flames.
.(See [19]) for a detailed review of methods of measuring flame
temperatiires.)

2. Thermopiles, bolometers, and 6 on are wsed to measure
radiation from flames. In one case [20] the previously cali=
brated thérmopile and galvanometer were placed at somé distance
from the tank containing the burning liquid (oil product). 4
double metal screen with a c¢ircular aperture was placed between

the pile and the tenk; the hole was such as to allow the pile
to seé only the ‘e':enftrail part of the flame. The emissivity £ of
the flame is calculated as follows.

Let b¢ be the radiation flux reaching the detector, which
views the flane at right ancles and which has a sensitive area
"so, the area of flame viewed is s', which lies at a distence ro.
Thé screen is at a distance r, and the hole has an srea s; B is
the brightness of the flame. Thén

AD = BS -———-Bso———Bso 5.

0 0
.This implies that

L AAD. (5 21 )
B = ': ﬁs_(;)v ; ( 2 [ 21"’ )
S

It is easy to measure &/rl; A#/s is deduced from the readine of
the galvanometeér, and so B is found. Then

E=nB
gives us E. But

E = eesTh» 2.25)

in which o-is Stefan's ccnstant and T is as zbove; this gives us
&, the intepral degree of blackness of the flame.

3. The following £, are for the central part of the flame of
gasoline in tanks:

Run g 2 3 L
Diameter, cm 1%0 130 260 260
T, °K 1380 13€53 1403 1447

Clearly, the degree of blackness is close to one for the tank of
diameter 260 cm.

The absorptivity is defined by
eh_l_.emhl ’ (,?_.26)

in which 1 is the dewnth of the ab‘s.ovrbi‘in.g layer and k, is the

72



absorption ceefficient at wavelength N,  This latter coefficicnt
is governed by the size and number of thé cafbon partiéiés for a
lurinous flawe; ;
the pr@perfi@mroi carbon is conotant, and {;;may b oiie aimést
one if the flame is of considerable devth and low reflectivity.
The emission from the flame is then precisely that fror a black
body at the same temperature.

4. The following interesting deduction may be made from
(2.26). If we have two flames; one¢ twice the tkickness of the
other, whose absorptivities are £y and §5, then

(l — )t =1 — e 227
This fits the résults,glven above; if we take £ as 0.8 for the
130 ¢m tank,; then £ = 0.96 for thée 26C ¢m oné, which is in agree-
ment with the mean value.  This implies that € will be extremely
close to unity for a tank of diameter 520 ¢m 6r mores

There is a senéral tendency for k to fall as N inc¢reases:
Hottel et al {187 assume that

= ko=, (2.28}

in whiéh h takes the values 1 39 up to6 0.0 p and .95 between 0.8
and 10 u. It has been observed [15;23] that the finely divided
carbon in a flame diflférs in its Ont;cal batan seters from massive
carbon; im particular, the variztion of g, with wavelensth is
very much more rapid. This means that results obtained witk
thermopiles should be checked, in order to establist to which
spectral rezion trey apply.

£. Great interest attaches to any estimate ot tie heat lost
by radistion. Consider a tank (radius R) not less than S m in
diareter; the £ for the flare is close to ore, and the keirht is
about 24, while the linear rate of blrning is aluost indegerndent
of d. The heat lost as radiztion per unit time is then

gs = 01*s = 4nR%T",

The heat producéd by corbustion is

in which 4 is the heat of reactior and v is the linear rate of
burring., - Tow

Wor gasoline, v = & mm/@in,;ff= 0.7% zlem?, q = 11 keal/e,



and T ® 1400°K.  Then

4!- 5‘0',’4.

4
~ Gasoline does not burn complétely in these flames, so6 about
half of the heat is lost by radiation. The teriperature is there-
fore well below the maximum possible.
, The carbon particles produce most of the emission from a
Aduminous flame; there are many papers on their formation, which

Fig. 10. Structure of soot I a) x 1005 b) x 1000;
¢) x 100 000; d) structure of a spherical particle.

have been reviewed [19,21). The following section deals mainly
with the structure.

Figure 10 [21] shows some structures; at low magnification
(Fig. 10a) the particles are seen as being composite and elongated,
while at x 1000 they are seen to consist of very small particles
(Fig. 10b). . At x 100 000 they are seen to consist of filaments
and clumps of particles more or less equal in size (Fig. 10¢).
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;The diffraction patterns of hydrocarbon smoke and of amorphous

lampblack show that the spherical particles revealed by the élec~
tron microscope in fact consist of crystallites about 20 A in
size; these are randomly linked together (Fig. 10d).  EBach
crystallite consists of several '

. layers of carbon atoms with

hexagonal packing; the layers ‘
lie parallel in the order found %

in graphite, but are twisted f I I P
. one relative to another. The ) S S DT o
crystallites in smoke resemble | Aew - A

sheets of graph paper stacked el
with their édges at random |
angles. The soot particles 1
produced by diffusion flames Hop====
are very small and are complex 1 .
in structure. S =

The proportion 6f the car= g b N
bon appearing as soot varies 3 we s
with the fuel and the condi- -
tions; someé liquids (e.g., Fig. 11: Pyrolysis prodicts
ethanol) burning in narrow from ethane at 1400°,

tubes give flames lumlnous at

w1th the dlameter. Other 1“ ,ds (e g., benzene) give hlg‘ 1§
luminous flames even in tubes a few mm in diameter. Here seet
starts to appear at the apex as the diameter increases (Flg. 7).
The minimum flame height at which soot is formed is sometimes
used as a measure of the tendency to produce soot, but it would
be better to use the degree of blackness for this purpose.

The carbon in a diffusien flame is formed when the fuel
passes through the zone of heating [227; pure hydrocarbons were
passed at high flow rates through a tube 0.3 mm in diameter
(transit time a few msec),the temperature being 1100 to 1400°.
Figure 11 shows results for ethare (abscissa: time spent in
tube),; which indicate that the pyrolysis is very rapid; the time
spent 1n the hot part of the flame is quite adeguate.

Thermal Conditions in Flames

1. A flame produces heat by reaction and loseés it. by radiasx
tion and convection; the temperature is determined by the amounts
of heat produced and lost per unit time, a1 and qp- The temper-
ature could be predicted if qq and qp were known as functions of
the various parameters, but here we lack a proper knowledge of
conditions in flames; all we can give are some geheral arguments.
Here we deal with laminar flames. -

The surface of & laminar flame divides the region having
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The rate
! su@plyrof
of 301ifs Busk as ¢ab-~

at W~ ch the vapor burn& +5 very m
oxygen; the same is true for the b
bon. Of course, the analogy 1& iar : plete, but we eazn
utilize sére results on the F of carbon {and on heterosen=-
éous burrine generally) {2#-26Jm prcv1ded gare is taxen.

2. Let kg be the amount of oxyren consumed in urit time at
the surface: let ¢ and ¢e be the oxyren uoncentx vtions in the
¢ombustion zoné and ih the surround & Further, let
a' be thé gas-exchanseé factor, k the rete uonyt nt, E the activa-
tion enérgy, T the flame temrerature, and R the gfas constant.

We assume that the reaction rate is wrorortionzl to ¢. Then we
have for the flame fror a liguid that

by = a’ (¢, — ¢) = ke = koce RT
This gives us that

This shows that the spécific resc¢tion rate is governed by the
rates of diffusion and reactioni now K ig lafgée relative to a'
at high temperatures, so
, o o

ks =-3'00(1'~——k-) (2.29)
This shows that tre rate of supply of oxyeren controls tke rate of
burningz; this mode of burring is called diffusion burning. In
this case ¢ is almoest zere in the flare, and the specific rate of
burning varies little with T,

The heat q1 nroduced per unit ares in wnlt time is ksq, in
which q is the heat of rezction; curve 1 of Fig. 12 shkows q1(T)
The heat lost per vnit time from unit areaz of flame is

g2 = a (T —To) +e0 (T —TY, (2.30)

in which a is the hest-transfer factor, s is the decree of black-
ness of the flame, o is Stefan's constant, and Ty is the tempera-
ture of the surroundings. Curve ? of Tig., 12 shows g2(™). In
the steady state '

a9, = aye (2.31)

The solution to (2.51) Fives us the steady-state T; it is best
found graphically from the intersection of the curves for g4 and
a2
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is system gives us @ 324 - for this case.

T

e burning zone expands if gc, falls, because the rate of
ion is lower.

combu

7 The main cqnclﬁsiﬁne for t! thetmal conditiomns in lafiinar
flames are applicable alse to turbulent flames.

L. Zel'dovieh [U'] has shown that the flame goes when the
tenperature in the burhine zoneé has fallen té6

TI“ T = =

even if radiation is net the dominant mcode of loss.  Here
extirction occurs ag follows. Thé zone expands if the rate of
burning falls, and the concentrations o6f reactants become dif
ent from zeéro. Fventually tke rate of reaction fails t6 match
the rates of influx, so the flate is Gooléed and wmoes out.

CQmEQSitipﬂ_Qkaﬁ’ﬁsAinmﬁﬂrninE,L"””'u

Fractical combustible liquids sre usually mixtures, so ve
bave to consider changes in corvosition. @é‘sﬁall cthldéf only
the simplest (binsry) mivtures.

1. Blinov [27] bas made exreriméntal an’ treoretical stud-
ies on binary mixtures, as have others [28), RBall [3%],
RBurgoyne and Katsn [29], and Pavlev and
Khovanova [30,31] bave studied the éffects
for crude oil.

FTigure 14 shows an atparatus that has
been used: tere A is a cylinorical glass
burner, C is a container allowing of vert-
ical movement, B is a rubber tube joirinz
A te 7, tre 8 are bungs, and T is mercury.
The mixture is poured into A: C is raised
slowly and continuously to reevp the sur= L
face of the liquid at the tor of the tute,

Fe flame is extinsvished when the set 1
nrrrortlon of liguid baz been burned; the \\ g /
ligquid is rerioved and is exarined Wlth‘a N’
refractometer. A calibration curve for

the rix | d oives the comvosition. —- .
the wixture them sives the comvosition Tie. V4. Aoparatus

In some cases the burner was fitted for exarining cors
with a srall thin-walled tupe T wkose tirv vosition chanses in
lay %=L mm below the surface; thke lower burning binary
end was closed durins the burning, hut liguids,
afterwards it was cpened to allow th
upper lsyer of lisuid to run down 1nto a test-tuke. Then it was
closed again, tuve C was raised to restore the level of the
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liguid, another sanmple was taken in a secornd teést~tube, and so on.
All samplés were examined as before. Table 2.4 pives results
for someé tests in which the first comvdonent was always ethanol.
Here 4 was 7.7 mm in diameter, and «.¢ initial devth h, wag

always 50 mm; go and g denote theée proportions (by weight) of the

| fsoamyt | w
i“i-p B w12 3 ey

second comvonent before and after the burning, h being the depth
of the residual liguid. The mixtures containing tke three
hisher aleohols always becamé derleted in ethanol, but etharol-
rick mixtures with water did not change in couvesition. Those
The mixtures with benzené became depleted in the second component
if gy € 0:72, but enrichked if g4 > 0.72, the 0.72 composition
being invariant. ’

The reason for this béhavior is that the equilibrium vavor
does not, in reneral, have the compasition of the licuid, with’
the exception of azeotropic mixtures. ve have discussed this
question of cowvosition in part one, s¢ Fers we deal omly with
aspects essential to the explanation of these effects.  Figpure
15 shows the boiling points as furnctions of cemposition (weight
nrorortion of the second component) of vapor (uprer line) and
liquid (lower line). The vaoor is clearly enriched in ethanol,
and so the licuid becores erriched in tle second cowvonent. The
other two alcohols shkow similzr effects.

Figure 16 shows the special bekavior of nixtures containing
water, wkich are imperfect mixtuies of the second xird (the azeo-
trovic corrositiorn contairs 10.6 wole% of water and boils at
7¢.15%).  Alcokol-rick mixtures give a vazror haviny the copnosi-
tien oi tke liguid; all other rixtures give a vavror enriched irn
alcokel. This feature exrlains the results of Table 2.4,




Firure 18 6f part one rives these
ethanel miviures at constant »réssures;
is enriched in berzene il the mole% of
that for the azeotrowicé mixtuvre, and viceé ver
why somé mixtures become enriched in ethanolw
benzene.

or the benzene-
316w that the vapcr
vround is less than
Tris éxvlains
hers in

In peneral, the liguid becores enriched the comnonent
uncéér-reprécented in the vapors komovalov's first law [32,%5]
enables us to vut this as: & rixture 6f two licuids in burning
becones eénrichsd in the cornnnwnt whose addition reduces the
vapor pressyre (or ralses the bo rﬁ n01nt) (Thls“eﬁuctlon is

B e e %

y /) PRI, B | I N S
0 020 0#0 ato‘“‘ayo o0
Tropertion by weig ht

Fig. 15. Boiling voints of Pig., 16. Roiling weints .

mixtures of ethanol with of ethanol-water mixtures

isoamyl alcohel at constant as functions of composi-
pressure. tien.

The comnosition does not alter if the vavor rss the compositioen
of the liquid; Konovalov's second law indicstes that this com-

position corresvonds to a turnins voint on the curve for the
vabcr pressure (or boiling n01nt)

The change in comvosition is the greater the larcer the pro-
portion consumed, as Table 2.5 shows for mixtures in which ethanol
was the first comnonent. Fere g, is @s before (except that it is
expressed in %) » hy, is the initial deptl, and d is the diameter of
the tube. )

The comuosition chan”e, Ar = go = £y is dependent on the
combusticn conéitions, as mable 2.5 stows for burner diameter and
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Table 2.6 shows for wixtures containing L%% of the second com=
ponent as burned in tubes of slass and iren (disrveters 21 mmj
wall thickness: iron 2m s 1.5 mm). The iron burner pro=

duées the greater change 1n comnosmtlon

The nature of the mixture also affects the variatien in com=-
position as between layers,; as Table 2.7 shows for mivturés in

whith ethanol was the first component. Here the burner was a
glass tube (d = 29.% mm), v is the rate of combustion (om/min) ,;
and z is the distance from the surface (mm). Tre mixtures with
Table 2:%
N ™ N R

leg §o23 ) o4
22t 23 |

B

Taoawyl alcahol

Tolueve

Water

* Town line: ¢, tre % of the liguid consumed in the test.
** Jdotton line: g, the % of the seccond cempenent remaiming.

ES
tte twg hivher aleohols shew ckarres im corposition only in the
top 2% mm, whereas anilire and water stow chenres st all levels,
Trese differences are caused by the dernzity variastioens. Tre

alcolols are very simil-r in cenaity, and tte top leyer shows

virerous cire&ltaion- the lower layeér shows ne snnreciable flow.
The top layer was 7=9 mm deev in a /e / wa ourner, and b7 mm in a
30 mn one. Yeter and nniline czifnr rreatly in dencity from

)

ethanol, and here the circulztion cowvérs the entire velume: the



Table 2.6

Tioawmy! ovd evhyi K
odeakgls

Butyl evd achyl
aleshols

circulation arises because thé eétranolsdevleted layer is dengér
than the crisinal wixture.

| 0il products alsé chopze in comnposition as they turn (Table,
2.8): here fin derotes the chanse in refractive index. The

Table 2.7 e

It D D w= DD
oo

¥ ooz

-

1§ &@

| =

comoonents were in every case msec in equal volumes; € is the
nrovortion (%) burned. The change increases with £; the extent
is indiceted bty the An for benzene and kercsene (Loth vpure),
whkich is 0.0k07. The An for selar oil and kerosene is C.0250.
The effect hss been described elsewhere [2¢-31]; some of the
results are collected im Table 2.0. These relate to Karachullur
crude oil, and they show that the more volatile comwonents are
consumed preferentially.

Tow we turn to the quantit~tive asvects of the changes for
pinnry wixtures. The followins are some possible cases.

a. 've assure that the circulation is visorous; let a rass

&2



" Table 2.8

levmu mr\

e | ando

140
260
4
410

Table ? @
. | sm-~- time, ke T
1 Aestavt :{"' “‘S = et e »4,«

Ty

_ Density at R ] «,.\;i‘ o o

20° €, gles® . ... | 9907} 0,926 05933 | 0,946 1 0,955
Vucoswh °5 at ’ )
m °C. . . s

1,56 | 248 | 3,13 | 56 | 6,06

pe(.ht) °C e e Y102 ] 138 o M8 162 | 165
T{ (u.,vuh.on 1 o I | .
poinel inC.. .. M3 4 15 | 180 | 215 | 249

Wa<¢ (vc | I | o
it e | 0| e | 03 | o

Tar mmn..% [ 131 | 20,3 | 22,9 | 274 | 28,85

dm evahorate, to sive a vavor cortairning a weight propeortion of
the second comocnent Sy end a liguid swecified similarly by Ex+
Then

gy dm = mg. — (m — dm) (gx — dgs) = mdgx + g: dm.

This gives us that

56 (2.36)

go»!e\'
in which mg is the ipitial amount of mixture and g,y is the ini-
tial gx. This relates gy fo m/mo for verfect wiving; we need
to know tke relation of gy to gy for 'this purvose.

Toble 2.9 (section for water) cohfirms this equotion;

o
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Fig. 17 shows this in terms of gx =~ &ox»r 1n wkich the éircles
denote the exnerlmental results anéd the e ¢orrésponds to
(2.36)., The g 1 in the craphicel integsration were takén
from tabless %%'Sé mixtures actually de skow a éirculation that
préduces Food mixing*.

b, ‘The composition alters only in the top layer (depth zy).
Here :

i = pgidz = | ogede +§ Pofl.dz = (h — 2) Po{,’o.x-l-s Peidz,  (2.36a)
0 2

=30

Qo

in which p is density, 2 is -distance below the surface; h is the
total devth, ? is the mean density, and gy is the mean gy. In -

0'00{”“ “ 7 e .
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Fig. 17. Effect of burning Fig., 18. Conceéntration
on the composition of ague- " curves for a burning
ous alcohol. 1iquid (case b).

the steady state
=Y\ Pg.dz
will be censtant, Tet

A = ] -— Zo?ng == COﬂSt

* It is readily shown that (2.3%6) anplies alsc to groups of
similsr comvorents in a complex mixture, vrovided that this is
well stirred.
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Tken

i . W A D . "”/‘:',\
Pgx = 0gloir + 5 (2.37)
If P is independent of gy, we have

Go=p k.  p A {2.38)
‘x-—goix"{"'Tl"‘,x ‘k—-?—s

o It is readily shown ti . gy is the safic a5 goy in the steaay
state. Consider a rectansular coerdinate system whose axis of
abscissas 1s z and whose axis of ordinates is gy; 1let the dls-
tribution of the seéond combonent at the time wken the de h
be represented by abe (Fiz. 48)*., After a time At, when tke
depth is k = Qb; the distribution is reépresented by a'b'e, in
which b'c¢ is shorter than be by Ah. The effect, ir the steady
state, is that a layer having the initial comvosition is lost.,
for sections ab and a4'b" are identical:; then irn time 4t

dm = vdt = p, sdh.

The change in the mass or the second corpément in tke mixture in
this time is

But the amount of that c¢orponent B2ss8ins teo theée vazer in time 4t
ig gydm, so

d (hsPEy) = gozdm = g,dm

and
gy B gol - - !
* (2.53a)
That is, if the composition zlters oml, ir a surface layer of
derth z9 < k, then gy = gox in the steady state.

Further, (2.38a) enables us to deduce g, for the surface.
For this vurpose we plot g horizontaily and the boiling point
vertically (Fis. 1¢); wvoint a corresovounds te the initial comnosd-
tion, whose 3115;3“, Tr.roush a we draw a horizontal straisht
line to meet the curve for the vanor at b; this defines the
initial gy.  Similarly, a vertical line tkrough a gives us voint
¢, which defines the composition ef the vapor over the burning
liquid. The absecissa of point ¢ gives us gg, the g, for the sur-
face of the mixture, and §", the boiling peint corresvonding to

*The precise shape of the curve is without significance in
what follows.



-y The sarié procedure may be used, of course, for imperfect
mixtures.

The A and ¥ of (2.37) and (2,38) are readily Found when the
law followed By gx in the top layer is known. For exanple, the

top layer may be perfectly stirred, in which case f,= fb.ét‘all
points in it, so . 1

A= (g ~ g9 P2
and

go'

€:=gox + = 2. {2.59)

The zg given by (2.39) is tlose to that for the layer of

Fig. 19. Graphical determin- Fig. 20. Composition

ation of the comvosition ef ckahres in two mixtures
the surface layer and of the of ethyl an¢ isoamyl
vapor at comnstant pressure. alcotols.

vigorous circulation noted sbove. Table 2.7 srews that the
alcohkols give distributions of this type {(their densities differ
little); (2.38) describes these mixtures adequately, as Fig. 20
skows. Eere the ordinstes are (gx 5ox)' the points represent
experimental results for two different mivtures, and the lines
derive from (2.38).

c. Sore cil preducts (venzine, crude oil) rive rise to
layers taving vigorous circulatiom [3Lk,357; kere the teﬁperature
and gy are those for the surface, and z, incrcases with t up to

scme limit. We may revpresert thre system as one of twe ligu
ramely liguid 1 (cowrobntlon invarisret, but nct gox) and liewid 2
{also invarient, gox), the first lyinr~ gbove the second Vie

need to krnow how the corvosition of liaquid 4 ckanges as zo
increases. Let v be the thickness of the layer burned in unit

o AY



time (the specific burnins rate) and let u be the rate oi increose

in the tkickness of this romothereal layer. The mixture is

assurei to consist of two mutually soluble comnonents, the second

one being the rore volatiles
Let a mass Am be burned; th..
gyhm = s& (i),
but

These equations imbly that

@, [(p = o) (2o, 26,1 + o {hz — hi)) = (plx — Poo,#) (Po.s— 25.1)
' + Poldo.x (hz — By

in which‘smbséribts 1 and 2 relatée to different instants.,  But
23— Zoq = ubt, i = hs = v, |

in which At is a short tire interval; then

# 0)poly, ¢

wko (2:406)

gy o PUEe
&= T

Tke two liguias difrer little in density, so we may put
P = Pos whereuvon

8 = Qox + s =290 9=%. (2,41)

This shows that gy is devendent on u/v. Now €54 > 7, 50

¢ . .‘.'xf
gy > fox at all times.

If w >» Vv, g4y %= gexs SO gy takes the wvalue corresgonding to

Zoxi 8y decreases with @, and gy = goyx when £= 0.

d¢. Convection is absent; only diffusion oceurs. The dif-
fusion equation in thris case is

e . %8 &
Doz rvm =3

ip which D is the diffusion coefficient, tle othcr symbols being
as before, The boundary conditiens are gy = goy for all z at

t =0 and for z = eofor t » 0; v is assumed tc be constant.
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The solution is then

8i— ox=

in which ¥ is a parameter and & is a constant.

The new variable

v="v]

?

4D

énablés us to out tke sélutioh as

ge = foux = 44 ]/D e t‘z’ S/ -'."ex:p’. {__ ¥ __b} i

The steady
on the

state correspénds to t = e9; 4in whic¢h ¢ase the intesrsl
ht becomes

anc the steady state has

8 —gox = (g — o) exp (=7 (2.12)

in which gg is the gy for the surface,

. . Lo , . ] =5 .2, .
Fuplished values indic-te that D is sbout 10 7 em™/seci if
v is 0.004 cm/sec (2.L mm/min), ey = g5y even for z = 0.2 mm.

These results show that tihe commositiom hardly alters if
convection is absent; any chanre in comnesition wroints to vigor-
cus cenvection, wiich is dependent on the composition ard on the
conditions. The same is true for Bf = gy = Box- The above
exarples cover all possible cases. o

The conclusions can ve extended to mixtures such as crude
vetroleum ard oil products, whick may ke treated rouvhly as
binary mixtures of a volztile corvonent with one of hirhk boiling
voint, There is no maximum or minimum on the beiline-noint
curve, and the soluticns are wnrobably close to ideal. The above
analysis enables us to explain the effects observed for oil pro-
ducts burning in larse tanks (%urao-ne and Katap, Pavlov and
Khovanova), but lack of details nrevento us from performins a
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strict quantitative amalysis.

Burgoyne and Katan [29] conclude that DNg equals v/u, but we
have shown that 8g is much less than v/u, 56 additional assump=
tions are néeded. In fact, (2.41) shows that &g does not equal
1/ Burgoyne and Ketan's cornclusion sbout Dg and v/u is based
on a vrong plcture of the mectanism whereby the heated layer
becomes déeper.
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Rates of Combustignuof,Liquids‘in‘Ianks

1. Figure 14 shows the apparatus used to measure the rate
of combustion for vessels of small diameter.

The rate in a large vessel weas measured by connecting the
vessel to a level indicator (trarsparent tube with scale); the
rate v = V/s (in which V is the veolume rate and s is surface area)
was read by means of the scale. In later tests the level was
kept constant, 2s in {37, where the burning tank was ccunled to a
store tank directly and to two meterine tanks, tre system being
controlled by a float gauge and contact system. The level inr the
store tank fell as the liduid burned: the float closed & contact,

which energized a solenoid valve to allow the liouid from one
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metering tank to entér the store until the orieinal level was
restored. The metering tanks were fitted with sight tubes to
read the consumption. The level fluctuateéd only over & range of
5 mm in this system; as was shown by the readlngs of a théermo-
couple placeda at the surface.

2. It is. found that the
rate of combustion rises at
first and then remains constant ;
if the liguid is sufficiently
deed 1, i 3,47F; as Fig. 21 shows
Ccurve 1) The steady rate of
shré of B is taken as the
burning rates

A mixtire whose level is
noét maintédined may show a con-=
tinuous fall or rise in the
?éte (curvés 2 and 3)‘ & fail

L AF | . .
mlxtureb, and in many other R 7/ <5 TR T
cases, when burners aré used. 0F =%

A rise occurs, for examcile,
whgn‘toiueneérich etkanol=~
toluene mixtures are used. Fig. 21. Depth of fuel as

i s L L a function of time.
‘The initial rise in rate oo -

i8 caused by the heating-up; the later changes are caused by
alterations in composition.

We give below some results for burnérs and tanks of various
materials and of wall thicknesses © from 0.5 to 1 mm [1=17].

Heavy fuel oil: d of 1300, 2600, and 22 Q00 mm gave respéc-
tively v of 1.5, 2.3, and 2.2 mm/min.

Diethyl ether: 4 of 300, 800, 1390, and 26L0 mm gave réspec-
tively v of 2.1, 2.7, 4.7, and 6.1 mm/min.

The tables below show that there is a wide spread in the v
for d < 10 mm but good agreement for d > 10mm. A careful study
of the results for any one liquid (say, benzine) shows that v is
dependent on § and on the material; the v are nearly equal if 2§
is constant (A is the thermal conduct1v1ty), as Fig. 22 shows for
d constant (10 mm) and M variable (glass, stainless steel, and
copper). - Here v falls fairly rapidly at first but eventually
tends to a limit. This effect has received detailed stvdy
[1,3,10]; Fig. 23 shows v against d for isocamyl alcohel, in
which the open circles are for glass burners of & about 1 mm and
the half-filled ones are for stainless-steel ones having § of
Ol mm, Clearly, v falls as A increases, The etffect has been
observed for other liguids, but its extent vories. In general,



the effect of & becomes less as d increases.

4. The Vv as averared for burne"
a clear relatlon of v to d ' ﬂ‘for'kerGSén@.
- first a
: m - approach a
limit (there ig no preat varlatlan in v for d between 1 and
22.9 m). Thus there are, in effect, three ranges ol d each

Waving its own form for v(d).

. Observations and photosraphs show that the flare from a
burner (small tube) is lawinar, whereas that in a wide tank is

Table 210 Table 2.11
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turbulent. This gives an indicstior why v(d) shows ttre above
behavior; v falls as & increases in the laminsr ranse but shows
little varistion with d in the turbulent rance. A reasonably
exact relatier for the laminer ronere is [3-5,10]

v =a +bd, (2:43)

in wtriech a and b are factors thet vary from one liquid to another;
a ray be i rprehed as the v for d =e2, 1! the burning were te
remain laminer. Table 2.%¢ gives a and n for liquids in burners




of stainless steel and glassi these &how that n is about 1.5,
while a varies frém 0.% to 1.4 mm/misn.

The results for & between 1 and 2% m are few and not very
vrecise, but some valuable conclusions can ke drawn. Theére is
bardly any variation of v with 4, apnd the v for tle various

‘quu1ds differ. much less than tley 46 for sraller &, although
these v are larger than those for 4 > 15 mm. The resior is; of
course, one of tiurbulent combiusgtion.

5. The Re for the vapor stream from the liguid is of
Table 2.12 Table 2.13

__Kerosene [3,5,16]
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interest; the followiny are some values for benzine:
d, um 50 7,1 11 20 30 47 30 148 R " 300 LMD,
Re, 1¢v 70,15 0,12 0,08 0,09 0,08 01 6, 026 092 .5 tor 98

The Re for the cold streams produced ir swall burners are
nech below the critical Pej the wsual eritical value is exceeded
fer 4 = 500 mm. (Much the same is found for other licuids
[2,57.) These results indicate that turbulence sheuld set in at
or below 500 mm, but the observations above cn tire pulsations in
flames show that the velocity ovrofile is such ag to initiate tur-
bulence for Re well below 2000, and nerhans at 300~-4C0. The
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latter range is reached for d ..  avout 1% om, and; in fact, ben~
zine burning in a vessel of diameter 15 em (Fig. 1) does bave a
randomly pulsating flame. This means that thée rate of turbulent
combustion at first increases with d, but later remains constant
over a wide range.

The transition region is associated with the onsét of puls=
ations, which begin at a d dependent on the nature of the liguid;
the bulk burning rate V is the controlling factor. Figure 1,
and many similar results, would indicate that this region, which
corresponds to the part around the minimum on theé cutrve of v
against d, starts for d of about 20 mm.

6. The start of the transition region can be deduced in
another way. The theory of the laminsr flame shows that V/§ & D,

. '2.’0" e ‘Ajl)g . 0 i “‘_i,'z’s‘i' i Vamiakiimins “50
A D10, fesfhe %G ' d,mm
Fig. 22. Relation of v Fig. 25. Relation of v
te for benzine. to & for isoamyl alcohol:

1) glass; 2) steel.:

in wkich D is the diffusion coefficient for oxygen; V/§ remains
constant for laminar burning. Table 2.19 gives the apparent D

(divided by 10) for various fuels as functions of d; these show
that V/§ remains constant up to & of 2-3 cm and that the arparent
D has increased by a factor 10 for 4 = 75 cn.

7. This relation 6f v to d for larinar flew may be explained
as follows. The rate is governed by the heat ¢ received by the
liquid from the flame in urit time.  ZFut

q = nRz pUth

in which R is d/2,‘p tke density of the liguid, and q, is the
amount of hest needed to bring 1 g of the liquid to the

O
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evaporation temperaturé and
then to evabérate it.

The 14
by radiati tion, in
part througk the wall of the
véessel. Let Ggs A2 and q
the amounts of heat receive
these varioits ways; then

A laminar flame is coni-
¢al, with the vessel as its
base. Now

be
18

¢ =2nRA 22,

in which X is the thermai -con=
the flame and the llquld dﬁ/@n
is thée temperature gradient,
and Yy is the width of the zone
in which heat enters the liquid.
are not dépendent on d, then

L., = @R,

in which 84 is a factor indeévend=

ent of 4.

We can also find q5 apoprox-
imately if we assume that enly
the combustion zone radiates.
The liquid receives froma ring
of width Or and radius r an
amount of heat

dqe = 2nrAren dz,

(Flp. 25), in which © is the
solid anrle subtended by the
surface at the ring, ¢ is the
radiating .capacity of the flame,
dz is the height of the ring,
surfacé; ' As a measure of w we
use the angle as seen from the
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Table 2

~ Quartz Burner, @ = 62rmm [1]
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LlGuld

il

| sm/min]

quuld

| mm/min

Avtol .
Machine oil
Petyroleum ether
Benzene fraction
Benzene
Toluene

Xylene
Skipidar
Acetone
Methanol .
Diethyl ether

Aceloacetic éster |
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11 Automobile benzine {
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Fig. 24.

25 30 35 40
Hed

Relation of v to

d for tractor kerosene,

The integral from O to %, with B = RA, is
.q2 = 2n%eArR? f—%@—) .

in which

f © =
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GrPr, whlcg in future wé dernote by Ra (Raylelgh's criterion),
contains R7, while L and As‘vary little with R in the range of
interest to us; then

_ 1.6 A% ac R, : '
atid 0 € n < %.. Then
= asR™,
We insert these various ¢ in (2.44) to get that
v = bo +"binmuﬁ +-6R1, (2. 45)

in which be = az/ape and (a - 1) > (3n - 2) > =2.

Rough calculations Table 2 18
show that v falls as d ——— SRS
ifi¢reéages on account of quu1d . a | n
the reduced comtribu- e — .
tions from c¢onduction Automoblle benzine 1y | 1,73
via the wall and the Tractor kerosens 1.1 | 1.64
flame, (2.45) is in Illuminating kerosene | 0.9 | 1:51
general agreement with Selar oil} 0.5 | 1.54
experiment . Experi= Diesel o0ild 0.8 1.31
ment [4) shows that Transformer o0il - 0.5 | 1.5
conduction through the Ethanol f 1.0 | 1.5
wall does play a major Butanol 1.5 | 15
part; herée a copper Iscamyl alcohol 1.3 1 1.5
ring of the diameter of Glass Burners
the burner (9.4 mm) was HEERS FRAEEIRE
placed between the Ethanel 1.0 | 1.5
burner and the flame. Butanol 1.0 | 1.5
This ring was made of Isoamyl alcohal T,Q 1 1.5
wire 0.8 mm in diameter - ' — —

and was joined to a copper tube, whlch was cooled by water, there
was a gap of 0.7 mm between ring and burner. Ethanol having its
surface at the top edge of the burner had a v of 3.7 mm/min with-
out the ring and 1.1 mm/min with it. The only reason for the
difference must be that the ring prevented Leat from reaching the
wall of the burner.

Also, v is much dependent on \§, for the area of wall heated
by the flame inereases with »8, and with it the loss of heat to
the surroundings. The relative contribution of the keat from the
wall decreases as d increases, s6 the effect of %8 becomes
smaller.

Formula (2.45) shows that v increases if the radiation from
the flame becomes more important, so a liquid giving & luminous
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__Table 2,49

Autewiobil€ *"—"05 05 0, ;0; o6 10
9'0‘,’“!(:&6‘6 & ‘ - ’
Tractor ‘*qoaosoaoaoAs
hereiene R I
Deesel i ;oaoaoaoﬁw;y;
oit . ' R
Selar oil ;maoaoaosoaoa

— fd, o 46 77 04 51 2i4 362 468
| At 10‘ 88 12 12 12 12 12 13
Sutmnol { d, au 30 36 52 70 102 155 20,7 30,0
m: 108 8 8 8 9 9 10 9 8

’ m = v(l‘f- .

flame should burn more rapidly than one with a nonluminous flame,
other ¢onditions being the same.

Relation of Laminar Burning Rate to Composition

1. The v for a binary mixture is dependent on the composi=
tion {4]; Fig. 26 gives results for mix=
turés in whicéh ethanoel was the first com-
ponent, the second being butanol (ecurve 1),
toluene (curve 2), or benzene {curve 3).
Here gx is the proportion of the second
componenrt by weight, The signs denote
experiments with burners whose d ranpged
from 6.7 to 29 mm. The values are rela-
tive to the v for the first component
(the origins of the curves are not the
same) . In each case, the v for the sec~
ond component was higher. The points
for the various d all lie close to a sin=
gle v(gy) curve. Curve 1 is character-
istic of nearly ideal miztures, such as
those between.lower alcohols; there is a
monotonic rise.

AN Tt TRy
N Ty

Fig. 25. Calculation

Curves 2 and 3 relate to imperfect of the rate of lam-
mixtures; the g, for the azeotropic mix- inar burning of a
ture of toluene with ethanol is 0.32, and liquid.

that for benzene with ethanol is 0.68.

The inflections on the curves lie at the azeotroplc corpositions
Bxar and these divide the region 0 < Ex £ Bxa (which shows one
type of variatlon) from the region Bxa € gx < 1 (which shows
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=another) The excess of elther compoment over that for gxa can

mlxture.

The effécts can be described mathematically, for gy affects
the rediation from the flame and also q,. Simple calculations
give

4.

U= g, FBpe (2.46)

in>whichvg is the denslty of the liquid and &« and B are constants
for a given pair of liguids if & is constant; (2.46) fits the
reésults of Fig. 26 quite well.

2. Mixtures of oil products give some interesting results.
The following figures [L] : ) relate iat
spirit used in glass burnérs of diameters 22 and 2L.4 mm:

Volume éonch.: 0 25 % 75 100
Benzine + kerosene (2u4.k) 2.6 2.4 2.3 2.1 1.9
L + solar eil (22) 2.8 2.6 2.4 1.7 1.5 -
" + transformer oil (2L.4) 2.6 2.4 1.8 1.4 1.2
"Here the volume concentratiens are 1®Ow2/(w1 # WZ)’ in which wp
is the volume of the sécond
component. The v after 3-4 AL L N
min has beéen used if v varies f ‘ { P
with burning time: -There is a 1 : { ? | a0}

regular fall in v as the pro=
portion of benzine (the compo-
nent of higher v) falls.

Flgure 27 gives results
for d = 24.4 mm for these pro=
: ductS' an approximate relation
is

in which A and B are functions ‘
U.; - «7 EET Y ; -
9z 0% 05 18 g

of d. (The densities of the

benzine, kerosene, solar oil, s
and transformer oil were respec-

tively 0.23, 0.81, 0,87, and Fig. 26. Relation of v to
0.88 g/cm”.) The same trend composition for mixtures.

in v with has been reported
by others.

It is sometimes supposed that this trend is a result of vari-
ation in the calorific value Q, but this is net so, for the v for
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Q range from 10.5 to
1.0 keal/kg (a factor 3
&s against a change of
£%), 50 Q@ cannot be the

decisive factor.
for the above oil ;
ducts are virtually iden-
tical. A more likely
assumption is that the
fall in v is caused by an
increase in g, (the
amount of héat neéded to

evaporate 1 g starting from the cold liquid);
point increases regularly with p (although the latent heat of

evaporation ¢ falls somewha

"

p. 8§/

ol
07

Fig. 27+ Relation of v to density
for 6il products.

now the boiling
t)g and so QQ increa‘ses with ?.

| P 8l | 8, 0O ‘ G+ cat

_Table 2,20

‘ ‘l 'i’ﬂo:f' 1'0“'5

[ Goi cay

Gossling

Kerotere s .

Selav oil

]

07 { 100 | 0 | 14 | 7@
08 | 180 | 5. | 120 | 7

Table 2.20 gives approximat
specific heats of all are O
ture of the burhning liquid.

ckanges from 0.73 to 0.89
much the same range, and so

as the above assumption wou

3. Interest also atta
is incombustible; we hkave

with water and CCly, benzine with CCly, and benzene and kerosene
with water, but we give here only the results for mutually soluble
r mixtures were used in a burner with
d = 7.7 mm; here v was constant if the proportion of alcohol was
over 0.7, but mixtures with 0.62, 0.45, and ©.3%¢ parts of alcohol
showed gradually decreasing v.

liquids. The ethanol-wate

0,8 | 230 | 82 | M6 | 74

é do; the q are from [197], and the
.45, Here ¥ is the surface tempera-

We_seée that qo, chanpes by 40% when

g/cm’® (by 0,16 g/cm>), The v show
the product vq, should be constant,

ld imply. This is actually se.

ches to mixtures in which one component

done tests in which ethanol was used

The initial depths were 50 mm;

the 0.45 mixture burned for 16.5 min, the 0.3G one for 1k min,

and a 0.30 one for 7.5 min.
contained 26% of alcohol.
outside of the burner when

The followine results

In all cases the residual liguid

Drors of water often avpe=zred on the

the water-rich mixtures were used.

are for such mixtures in burners of
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diameters 7.7 and 21.9 ., “teady v were reached for the 0.92
and 0.80 compositions: the v for the three lowest alcohol con=-
tents were taken as those after 2 mini

We. pocts (@ =177 mu) 0,96 092 080 062 045 0,29
U MMIMIR L oo . s . 46 39 30 24 22 19

5‘, M Pyl & 6 e & 0 ¢ @ 24‘ 71758" ‘]{3‘ 10 5 b
vt poks  (d= 21,9 ux) 096 0,85 0B 054 0,45
'v.i ﬂ“/ﬁii e P e i ete s "2,0 111‘55 1,2 l 0 016

The vapor differed Little from the ligquid for the alcohol-=
rich mixtures, but the difference was very great for the others
(Fig: 16), so the surface layers became very much depleted; the
density 1ncreased, and the layer sank. The stirring caused the
coripdsition to alter: né stirring Was observablé for mixtures
containing over 70% of alcohol, because the changes in composition
were slight. Here v falls contlnuouslj with gg, because qg
increases; 56 the flame temperature falls.

Ethano6l= CClu miktures showed an uhusudl effect, which the
following results illustrate: '
d= 90 am {jg,‘ e 0 0,22 040 055 061 065 0,67 0,69 0,72
‘ T, MW ., 43 43 4,3 4,4 4,3 4,4 3,0 30 0
d== 16 MM {h -+ +: .0 040 057 0667 071 1075
losmm/ein . . . 25 29 31 34 O 0

(gx is for CCl,). Here v is constant of even increases up to gy
of 0.65 or 0. 67, then there is a rapid fall, and the mixture
with gx = 0.72 will not ignite. Mixtures near this composition
were also difficult to ignite.

This behavior of v for low 8y 1s caused by variation in the
emissivity of the flame; pure alcohel gave a flame of very low
luminosity, whereas the luminesity increased rapidly with g,.
Soot was produced for Bx > 0.55, These tests illustrate the

importance of radiative transfer.

The following results are for benzine mixed with CClh in
burners with 4 =9 mm:

Biv oo .0 025 041 049 056 062 064 068 073

Here v falls as Sx increases, expecially at the higher gx,
The h;gher gx, the moré“dlfflcult the mlxture was to 1gn1te,
much soot was deposited..  The 0014 does not increase the number
of radiating particles, but it increases g, and so lowers the
temperature of the flame,
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Suspended water
has an interésting ,
effect on v; oil pro=
ducts such as benzine,

kerosene; and mazut SR |/ e naas wam -

(heavy fuel oil) are of N S N T

interest here.. PFigure _ | l |

28 [6] shows the 9 20—

offects of water on the S

burning of mazut (the L |

liquid was not kept v, 10— -

topped up). The ini=- i 1

tial v is very low, but LI 4 |

after a delay it T Bt wy e
inereases sharvly to a 0 . 60 120 180 240 300, min
fixed valwe. The ~ Fig. 28. Change in level with time
delay is the longer the  for heavy fuel oil im a tenk 80 cm
greater the water con- in diameter; water contents: 1)
tent. Direct- 0.1 %; 2) O.U%; 3) 0.56%.
distillstien mazut will

burn only if the water content is less than 0.6=0.7%, while emul=
sion c¢rude will burn witk up te 10% [20]}. The suspended water

retards tlie heating: it also affects the temperature at thée surs
face and in the bulk [20). The effect on v is ascribed to the
heat lost by evaporation , but the process is actually rather
complicated, and evaporation is only one aspect. The surface
temperature and the dilution of the vapor by the steam are also
important. The drying is prolonged, becausé convectiou currents
are preséent. .

Effects of Oxygen Concentration on the Burming Rate

Very little is known here, and such information as we have
is largely qualitative. Some results [22] are as follows.
Diesel oil and benzine weére burned in an atmosphere whose oxygen
concentration ¢o differed from that of air (Flg. 2%). Fere B is
a cylindrical stainless-steel burner (d = 47 mm), S is a metal
¢ylinder, O is a glass observation port, F is a burette carrying
the fuel, C is a container for mixing the incoming gases, T is a
thermocouple, and A is a galvanometer.

The air, oxyzen, and nitrogen vass through rheometers into €
and then through a layer of small stones at the bottom of S.
The flow rate was 33 1/min in all cases. The gas was analyzed
to ensure that co was as calculated frem the rheometer readings
and was the same at all points in S. Figures 30 and 3% show
results, ir which 6’18 the surface temperature arnd c, is in %.
Clearly, v increases with cy; the liguids will not burm if s is
less than 15%. Further, ¥ increases with Cpy especially near
the lower limit; much soot is produced, and the liguid starts to
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boil, if ¢o » 21%. These effects are caused by the increase in
the temperature and emigsivity of the flatie.

Effects of Air NMovement on the Burning of Ligquids in Tanks

- It has long been known that the burning rate for an oil pro-
duct in a tank is gov-
e¥ned by the wind speed.
{33}; Blinov and
Khudyakov made the first
systematic measurements
[16] on steeél tanks of
diameters 150, 300, 490,
and 500 wmm; whose heights
were respectively 800,
1800, 2000, and LOOO mm.
The 500 mm tank was fit=
ted with a cooling jacket.

A flow of air was
directed onté the flame;
this was produced by a
-large fan in the open,
and by theée air lineé in ~ Fig. 29. Apparatus for measuring
the laboratory. This the rate 6f burning in an atmosphere
flow was usually horizon- having a known oxygen content.
tal, but in some cases the
angle with the vertical was 70° or 109°.  Vertical screens were
uséd in the open to eliminate the natural wind. Sometimes tkere
was a horizontal screen to prevent the flames from touching the
sides of the tank. This screen was of stainless steel and had a
circular hole whose diameter equalled the outside diameter of the
tank. The level of the lieuid was kept fixed; the runs lasted
- from 2 to 5 hr. The fuels were diesel oil, tractor kerosene,
and automobile gasoline.

The flame was vertical in the absence of any wind, whlch
deflected the flame and caused it to touch the sides. Th
the more sc the greater the wind speed w. The area of contact
with the sides decreased if w was greater than a critical speed
Wey while the flame was blown out at very high speeds.

Figures 32 and 33 show that v increases with w and tends to a
limit v, though mazut shows very little effect for w between O
and 2.8 m/sec. The results fit

v v0 = (Voo — o)(1 — e—F4), (2.47)

in which vy is v for w = 0 and f is a scale factor. The lines
have been drawn in accordance with (2.47).
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We can put (2.47) in another form if“welput u = v/vgt

i — 1 = (s = 1) (1 — ).

(2.48)

U, mif min
80—

5'0 ‘“” Eane ‘ Biaacey ’

D e S

Py . o
mfnu-ﬁmf~”

0 20 30 40 50 60G% 0

W 50 600,%

Fig. 30. Relation of v to  Fig. 31. Relation of sur~
Cot 1) diesel oil; 2) ben- face temperature to ¢ for
’ zine. 1) diesel oil; 2) benzine.

N T R N TR e R
wv.”/’“‘! : w" M/s& N

'Fig. 32. Relation of v to Fig. 33. Relation of v to
wind speed: 1) tractor w for d = 130 em: 1) mazut;
the same, & = 490 mm; 3) .

diesel o0il, 4 = 490 mm.
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= I = (it = 1) B = v,

in which
v &= (e = 1) B.

‘This 9 is & measure of the initial rate of increase of u with w.

The expériments were worked up t6 yield Vor Uggs By and »
(Table 2.21); the values for the tank 150 mm in diameter were

_Table 2.21

| gan | wewsee | ug | Btk | vserm
; ~. [10 | o6 | 40 | 10 3,0
Diesét ol P 4 8 | 35 | 0,0 0,2
om0 ) oees | -} - 0,1
4 180 oY 3,0 | o8 1,95
Trector Keemtana | 300 | 1,8 42 | 010 | 0,3
. | w0 | 20 39 | oio | 0,2
P [ | 10 | | m | os
| w0 | oae | < | = | o

not very exact, for here the range in w was small. The range of
U, in these tests was 3.0 to 4.5, with a mean of 3.9; the® for
diesel o0il and benzine fit a single curve, which reflects the gen-
eral behavior of ¥(d) for oil produets, for Y at first falls rap~
idly, then slowly, and is abéut C.1 sec/m for @ = 1300 mm. The
v for these three fuels increase only by 30-40% when w increases
from O to 3 .m/sec for 4@ 3 1300 mm, while v. for mazut does not
alter at all.

It is impossible for v to increase indefinitely with w, for
the flame is blown out for w > wg; the Ww. for tractor kéfosene
in a 300 mm tank is slightly above 22 m/sec, whereas that for this
kerosene in a L90 mm tdank is not reached at 26 m/sec.

The results for the 150 mm tank skow that v is dependent on
the wind direction as well as on the size of w; Table 2.22 shows
that (v - v,) increases with o (the angle between the wind direc-
tion and the vertical). Further, the horizontal screen produces
a certain reduction in wv.
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_Table 2.22

| Kerssene ! Diesel ol

i

Weai® wisee |

O [ B

Wem2,6 a0 | Wil w/see

« |7 e jio |
D sty - ‘03) 1,8 ! 3.2‘

Valuable results were obtained with the 00 mm tank, which
was cooled by a water jacket; the v for tractor kerosene at mod-
erate wind &peeds was 2.1 mm/min with the cooler working but 3.3
nm/min with it inoperative. In the first case, the kerosene
abgorbed 50 keal/min, and in the second 120 kcal/min; the flowing
water removed about 60 kcal/min. ‘

The cause of the relation of v to w is that the wind tends
to inérease the flow of heat from the flame to the liguid; any
factor that does this must tend to increase v. The above results
may be analyzed as folloews. The radiation from the flame and the
flow of heat through the wall both tend to increase with w and so
tend to raise v. ‘The following figures [3) illustrate the effect
of w on flame temperature for bénzine in a 1300 mm tank:.

w, mn/seéc 0 0.8 1.0 2.1
T, °C 1120 1120 1180 1190
Here thé (natural) wind raised the temperature by 72(° when
its speed rose from O to 2 m/sec; this is equivalent te an
+increase of about 20% in the radiation flux, and so it must imply
" an increase in v.

The other important source is the flow of heat through the
wall, which can be large, as the following argument shows. The
equation of heat flow here is

g1 = aAds,
in which a is the heat-transfer factor, A is the difference of

temperature as between liguid and wall, and s is the area of the
wall. TFor convective transfer [18]

in which Nu is Nusselt's number and Ra is Rayleigh's criterion:

Ro = GrPr = ZBE88 _ y0pg, -
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in whichwg, €y Yy By and A have their uswal meanings, B is the
thermal expansion ¢oefficient, 1 is the length of heated wall,
and b is the convection modulus, which is of the order of ten

‘thousand for these oil products.

ExBérimeht;gives for benzine that A% = 20° for 1 = 10 cm, so
Ra = 107; the ¢ of (2.49) may be taken as 0.13%, and n = 1/3
[18). If only a quarter of the wall is heated, we have; for
R = 25 cm, that ' '

© g = 250 nal = 340 colfsec.

The v, for this case is 3.5 mm/min, so
gz = 1000 colfsec .
Thug the heating of the wall by the flame makes & major contribu-
tion to the heat flow and thus.to v; moreover; g4 increases with
w, because N¥ increases: The relative importance of ¢4 decreases
as R incréases, which in part exrlains why 9 deireases as 4
increases.

These arguments alse explain why v for mazut is independent

of w between O and 2.8 m/sec; Ra is dependent on 9, as (2.50)

ghows, and v for mazut is many times that for benzine, s6 a (and
hence the heat flux from the wall) is very much smaller for mazut.

The v for benzine aid keérosene also show & regular trend
with w for a quartz burner 30 mm in diameter; (2.47) applies,
The flame is very much deflected; the temperature rises, and the
radiation becomes much more intense. Ethanol shows no variation
of v with w for this same burner, because its flame is of low
luminosity.

Bate of Burning as a Function of Level in Tank

The level h (distance trom the edge) affects not only v but
also sometimes the mode of burning as well. Tables 2.23 and 2.24
give some results, which show that v decreases as h increases, the
flame going out at a certain h, which we denote by z,. The flame
is laminar for all h if d is small, and there are no oscillations;
the flame stays at the top of the burner, which it does not enter
as the level falls. The pulsations set in as d increases, but
they stop if h 2 hg, in which h, is a critical value. The base
of the flame always lies above the edge of the burner. The puls-
ations persist as d increases further, but the flame starts to
enter the burner when h becomes large. The larger d, the sooner
the flame enters.

] The surface ?@mperature ég at first stays almost. constant as
b increases, as Figz. 34 shows for benzine, ethanol, and butanol in
burners of diameters 11 and 23 mm. The behavior of P5(h) and
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stan

mately affects

reduces v further.

Figure 36 shows a seléction of the results
tanks of diameters 307, 500, and 950 mm (change

: The burning ceases

Here the flame ente¥s thé tank, and is

funétion 6f burnd
ate Zo is reached.

2455

z time).

Table 2.23

graﬁlent, 86 tbe rate'of arr1va1 of fu°l is lever. Th:
gy whieh in its turn reduces the pradlent and 80

for diesel oil in
in lével
when the appPopri-=

as a

d =52 i

d = 10,9 sx

Echanel

Butons!

Bennine

By wm

o, MM/min |

1 § '.il;‘ﬁ
‘V’l:z M l@’
Osc.

V102
v
13
V/e-10?

- VAep

Ose.
V.10
v
V1033
Osc.

V.10
v
&

Osc.

26|
1245
?', 40 i
6’».5\

largely contained within

for h as a function of t fit the relatien
h = ktv

in wiich n varies from 0.55 t0~0w72-

118 ] 10

113
:’ 612 £
y {4 [ 1

|93

7.0 8.2
t

18 |
86/ 4.4
2] 14
6.4

3.2

K
|73 {6
[ 4,5]

s %"» 8 |

| 28 45 63 84
15 J 1t | 6.6 2.1

the tank when h is
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The results

(2.5)

values of n are as



follows:

_ d, mm 80 307 500 9
Automobile benzine 070 0460 0.55 O
Tractor kerosene 0:75 0.72 0467

A Figure 37 shows %, as a function of 4 (Khudyakov); both
being here. in mm. The results for 4 £ 50 mm fit

- %o = adoe, (2.52)
-and thosé for. d > 50 mm

2, = 0,055 41 (2.537) -

| P, ’ fﬂﬁ“‘l«. N P [ '

25['; dminisieni s i s * : [— .’ 7;.‘“”_“ - ".V;‘;‘VJ‘ ‘
0 20 40 1 \ vV ) i
- b mm I \

Pig. 34, Relation of ¥5 to ' ° @ hon

change in level: ® and x,

benzine; O, ethanol; + Fig. 35. Relation of v to v
and @, butanol; 1) 4 = and h for benzine in burners
23 mm; 2) 4@ = 11 mm. of d: 1) 23 mm; 2) 11 mm.

Further, a is dependent on the nature of the liquid for small g,
80 2z, varies with the liquid for a given d. All the z, lie on a
comron curve if d > S0 mm, so the pature of the liquid is unim=—
portant.

This behavior of zo(d) reflects differences in the processes.
The flame énters a wide vessel freely, and the burning always
occurs not far from the free surface; it lies above the .edge and
enters somewhat only at the very end if d is small. Convection
is responsible for bringing in the oxygen in a wide vessel near
the limiting h.

The z, for wide vessels are very large, and the flame does
not go out in a real vessel if (2.53) applies. For example,
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the zo for & = 5 m is 11 m, and is 34.5 m for d = 10 m.

Tataws!

Kevesene

_Beszine
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TG00 g000 3000 w000 5000 5000 7a00 4400 5000
) T, min

Fig. 36. Change in level). of diesel oil as a function of time:
1) d = 307 mm, B = 1800 mm, extinction at v = 0.25 mm/min;
2) 4 = 500 mm, H = 3000 mm, extinction at v = 0.33 mm/min;
3) d = 950 mm, H = 5800 mm, extinction at v = 0.33 mm/min.
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Variation Of‘thé Rate of Burning over. the Free Surface

cylinders having
their top edgés in
& common plané.
The c¢ylinders were
filled with the
liguid, and eéach
soupled to its
own burette; the
levels were kept at

the too edge through-

out the éxperimeént.
One set of exveri=
rments was done with
a quartz outeéer tube
(4 = 30 mm) within
which was a glass
tube (@ = 17 mm);
others were done
with tanks 300 and.
800 mm in diameter
with four sections
each [22].

Figure 38
gives results for
benzine from the
first apparatus;
the circles relate
to the annulus,
and the crosses to
the inner tube.
The rate of burn-
ing at the peri-
vhery is clearly
much higher.  The

Fi%e 379

kerosene;

gz,

"mmaﬁu‘%w

Txe1
‘4.32
1 o:§
_o%

:‘.5
Q=5

o 1z ”T‘i'md

Relatioen of z, to d for various
1) automobile benzine; 2) tractor
3) illuminating kerosene; &)

_ 5) solar oil; 6) diesel
oil.

fuels:

transformer oil;

following v were also recorded with this double burner:

quuld

Edge Center

Benz1ne

3.L .2
Keroseéne 1.7 0.7
Benzine + water 3.2 =

The edre v is about three times the central v, so the heat

flux at the edge must be much higher;

this is not unexpected, for
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it is caused by the base of the flame,

which lies neéar the edge.

In some cases;, water was nlaced Hoaw
in the inneér tube, and benzi: lor o1 I ]
kKerosene) in the annulus. The v for L "1 g
the benzine was reduced., - In the case
of kerosene, the water in the inner
tube boiled over and extinguished the
kerosene. These results are much as
one might expect and need nc special
explanations

25 =

£, min
Table 4 gives results from the , .

tanks, in which 1 denotes the ceéntral Fig. 38. Rates 6f burn-

section and L the outermost one. ing for peripheral and

Here there is little variation central areas; v (mm/nmin):

between séctions, the highest Vv beéing 1) 535 2) 1.1,

at the centeéer, there being a fall

towards the wall followed by & rise at the wall itself.  Here

the conditions of heat transfer were different from those in the

Table 2.25

. : o s“uv(u!
s i) i .u/mi
Liquid 1. o onf o

d, ax |4 21 08 | 4
Benzene. . . . ... ..} | 36 35] 3,2/ 4,
.Gasoline - N i t

Tractor kerogene- -
D P

Diesel oil

88888

small burner, for flames in tanks of diameters 300 and 800 mm are

turbulent. The ratio of circumference to area is also much

smaller, so the heat flowing in from the edge was of minor imports

ance. This explains the major chenge in the pattern of burning

rates. .
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Temperature Distribution in a Burning Liguid

The temperature distribution has Somé special features; it
plays a very important part in extinction, and there are many pa-
pers on it {1-13]. A single adjustable thermocouple is ¢ommonly
used with narrow burners, a series of fixeéd couples may be used
in wider vessels. The level is sometimes kept constant by feed-
ing in fresh fuel at the bottom; replenlshment was not uséd by
Hall, Burgoyne, or Pavlov, and the 1.,.1 changed continuously
throughout the process.

Surface Temperature of
a Burning Liquid

The surfa¢e temperature z’
rises rapidly when the liquid
1= 1gn1ted° 1t tends to a de-

and for certaln m' tures.

) There is usually a slow rise in

| ¥ *2 after the first rapid rise
Suan | in the case of a mixture (Fig.

39)s Ethanol very rapidly

100, ""_r‘“"."‘,éf DU, SIPERDNI S re?'che's a sﬁ:eady tempei‘ 1ture;
e ] solar oil shows a very slow
e 1 | | subsequent rise; while benzine
50 ey sixed with solar oil shows a

é | I | | very rapid rise that is follow=

R e = ed by a fa:Lrly slow & roach
_ & 50 & ¢ ﬁg? to the value for solaﬁpell.

' Table 2.26 lists the limiting

Fig. 39. Surface tempe= t’ for various liguids in burs
rature as a function of ners of various materials and
time: 1) ethanol, d = diameters, and also gives the
2.7 mm; 2) benzine + boiling points #*', which are
solar oil, 4 = 30 mm; somewhat above ¥*5. This oc-
3) solar oil, 4 = 30 mm, curs because the surface is

covered by a layer of the satu-
rated vapor, whose pressure n is governed by'ﬂl, which cannot ex=
ceed the 7%’ for the existing atmospheric pressure P.3 any such
excess would cause m to exceed p_, and so the vapor would be push-
ed away rapidly. The resulting rapid boiling would socon cool
the liquid.

Table 2,27 gives ,ﬂ for some binary mixtures of combustible
liguids £61; the burners were of glass, and the first component
was ethanol. Here gy, is the proportion of the second component
by weight and!fé is the initial boiling point of the mixture.

The limiting v‘ are below d%, except in the case of iscamyl alco-~

hol. We have seen above that 8x tends to change as combustion
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proceeds; in fact, the top layer in the mixtures containing iso-
amyl alecohol became enriched to 8y = 0.86 whereas the propanol

Table 2.26 _
Maverial¥ | ds a0, °C0" ¢
l.€ |47 n )
Echanel { 4 P2 n f 8
: LA A T

| > oo e
Ik ... | 106] 108] 17

“Butanoj | ¢ e i |86 1044 107

| ICHE SRR, T I (N (123 0 ¢
Amgl alehot | K ... .. | 18] 120 129
k(&tOu 1 ] P ‘ 106 55 56

*C = glass; A = aluminum; K = quartz

mixture with 8 = 0,50 initially gave a top layer with Ex = 0.68

(0.85 in the case of the mixture initially of gy, = 0.74). Table
2,27 also lists i’, the actual boiling points of these surface
layers; we see that ¢ » &

Secand Conpnert | g 1 d, uu | 9,.°C |80 2G| o' cC

Ticamyl aleshet | 0,50 | 9,4 | 95 | 88 | 108

| o5 | s | e | s | 108

Propansl | 050 | 94 | 8 | 8 | g8

. ’ [ o7 | o4 | 89 | 90 | e
Water o3t | 3 | 6 | 8 | —

’ 0,27 | 21 | 72 ‘ 79 | —

These results enable us to estimate the surface temperature
during burning from the composition of the surface layer. Some
measurements have been made on z’ for oil products burning in
tanks [2,4,6-8,21]; Table 2.28 glves mean surface temperatures
for some [8]. Here ¢ is the initial density, A/ is the initial

boiling point during distillation, and ¢ is the proportion distil-
ling off up to the temperature shown in parentheses. The values
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of i%,enclosed in parentheses relate to cases in which a homo-
thermal layer appeared. Table 2.29 is from [7].
Table 2.28
Gy (2030 ]R80 B w]w [ W
| o %C :

Augowebile
benzing - ¢ -
Trector
_kerasend . v ¢
Thuminacting
kargitne . . . .
Diesel

ol s s .
Solar oil
Trangformee

16'&“\ . . 0 . . -

Antomobile benzine |, | | | .ol 0,76 ] I 100 | = |
. 3;5; Eigo.f ‘f“de L A - I ‘ 320 340 i}
Karachakhur crude. . . ‘ | 184 1 = | 350 | 350
firCemovo crude . , N — 200

m”@"‘i",(e ‘F“@‘°;‘ LA A O 0194 . b N 1T s =

Khudyakov's results [4] for a quartz burner of diameter 106
mm are as below:

Ciqid | e g/ed| A flLiausa [g, gerd| £

S

Benzine - 0.75 [ 108 || WM-4 0il | 0.89 | 347
Kerosene | 0.81 |} 220 lf Glycerol | 1.25 | 239
Paraffin oil | ©0.872 287 |IMs o1 | 0.89 | 392
Transformer oil | 0.88 1 293 {} { '
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These results show that z€ for benzine is 90-110°, for trac=
tory kerosene 1 20 » illuninating kerosene 23%0-240°, for
diesel oil 2% - 0il 280-340°, for transformer 6il
290-340°, and for crude petroleum 1%0=350°. These zé'are always
“above ¥); the surface layers are depleted of volatile fractions.
Moreover, the vé for a given product vary from one tank 51ze to
another; fer example, the a% for venoine and crude for d = 130
e¢m and 260 cm are lower than those for d < 130 cm. In parti-
culaf, Artemovo crude has a t’lfor a 260 cm tank gomé 120° below
the z& for small tanks.

The homothermal layer,
which shows vigorous ¢onvecs
tién, is responsible for these
effects; its thickness in-
creases as time passes; and
the greatér the rate of in-
arease u, the lower 2%, be-
cause fresh cold liquid is in-
troduceéd. This layer is abe=
sent if d < 130 cm,; which ex=
plains the z% of Table 2.27;
the u for Artemovo crude are
3.1 mm/min (4 = 80 cm), 3.2

vsaL | e (d = 140 em), and 6.5 (d =
30 ”%0'A' ﬁ0‘ '“gﬂ 260 cm).

Experiments with emulsi-
fied e¢rude [9] confirm this;

. and u were found to be very
much dependent on the water
content. Figure 40 shows
the relation of Z% to u, in

Fig. 40. Surface tempe=
rature in relation to the
rate of increase in the
depth of the homothermal
layer for crude petroleum.

which the line corresponds to

This equation may be deduced as follows.

Let q be the heat received from the flame, q' the heat lost
to'the surrounds, q, be the latent heat of evaporation, ag the
initial temperature, ¢ the specific heat, and s the free surface
area. Now

e~

1= q" + vspg 4 uscp (85 — ).

We assume that v, q', and g are not affected by slight changes of
water content, in which case (2.54) is found directly. A fuller
treatment of ‘the relation of ¥ to u is to be found in [24].
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Although the homothermal layer reduces #£, it does not aff=-
eét v, whlch may even 1ncrease someWhat, the reason is that the

fraction, 80 the flow of vapor remalns adequ te in splte of the
lower z&. The following calculation 111ustrates this.

The o0il product may be assumed to be Fepresented roughly by
a binary system of mutually soluble components; one much movre

volatile than the other; t6 these we apply (2.41), which gives
us that

8v= 8ovi ¥ (Gos — g9, ¢ = %— ,

in which u and v are as usual. Thus gy is egsentially dependent
on ¢ as is gx; 8y = fox if = 0, and g, = Box if g=m (gy
would be infinite ln the latter case if this were not so, where=
as the limiting 8y is 1).

The falloiing detailed example illustrates the variations
in g, and g with We assume that the mixture is ideal; «
is tKe ratio of the vapor pressurés of the two componeénts. The
theory of solutions shows that, for an ideal mixture,

@=1g,’

& ==
This g, is substituted inte (2.41) to give
Ce=1)og: +lo 49— (4' = 1) Go.xl g2 — Goux (9 + 1) = 0.

The solution to this gives us the g, for the top layer. Let us
suppose that a = 2 and gy, = 0.53 the results then are:

@ 8y &y
0 0,33 0,50
1,0 0,41 0,58
2,0 0,44 0,61
4,0 0,46 0,63
oo 0,50 0,67

We see thét 8x and at first increase rapidly w1thly% but the
rates of increase sobn become very low.

The slight variations in zf for conditions under which the
homothermal layer is absent are caused by slight errors in the
positions of the thermocouples, for the temperature gradients are
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very high; it is impossible to keep the thermocouples always
exactly at the surface while burning proceeds. The &low change
in v‘é is caused by gradual alterai.cn in the composition of the
surfacé layer..

7 The above results show that the surface temperature of a mix-
ture is dependent on the combustion conditions; 4t is not a con=
stant,; although it is.dependent on the composition.

Horizontal Variation in the Temperature of & Burning Liguid

The temperature varies in any horizontal plane drawn within
the liquid (8], as the following results show. Here T is the
distance from the axis of the t+ %, whose radius R is 25 el

YR % 028 0:60 0.9 1.0
Transformer oil .. .. 166 — 171 217 20
Solar oil .. se e = 188 188 = 270

Tractor kerosene- «.«. 108 123 133 143 168
Lighting Kerosene- . : - e M - 121 168

The temperature rises towards the wall, where it is highest; the
differential between axis &nd wall ranges up to 100°:  The same
effect is observed, but with smaller differences, for d < 50 cm,
and with larger differences for & > 50 cm.

The following results are for tractor kerosené in a tank 260
em in diameter; measurements were made at three points (1, 2 and
3) in planes 12, 22, and 50 e¢m below the edge of the tank. The
points had angular separations with respect to the axis of 120°:

z 12 22 50
& 149 ;! 33
L 168 141 4]
0y 230 109 41

These figures show that the wall temperature varies from peint to
point in any given plane. The same pattern is found with all
0il products in tanks of diameters 130 and 260 cm,

These variations were caused by the need to operate in the
open air with these large tanks, so there was interference by the
wind, which deflected the flame and caused the wall to be heated
unevenly. The effect is seen whenever the wall is exposed to air
currents. These differences are bound to cause convection within
the liquid. -
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Temperature Variations in a Burning Liguid

The temperature distribution is established gradually; as
Fig. 41 shows for transformer oil, the 2 being the depths below
the surface. In each case there is a rapid rise to a limit,
which varieés with z{ the time talken to reach the limit in a me=
tal vessel is much longer than that for a glass one.

Mixtures of benzine with solar oil show a different type of
curve; there is first a very rapid rise in ¢f, which is followed
by a slower ris¢ (at the surface and at some depth) to a limit
corresponding to the initial composition of the mixture. Then
there is a further rise; whose limit is clese to that for solar
0il. The latter rise is caused by alteration in the compésition
of the surface layer, and #t) gives an indication of the course
of that alteration.

o’

klﬂ{,‘ v

zj'”;l e 50’ e ,00"

T, min

i

Fig. 41. Relation of & to Fig. 42. & = £(t) for ben-
time for transformer oilj; zine; 2z (mm): 1) 60; 2)

z (mm): 1) 0; II) 2; III)  100; 3)°130; #) 195.
5; IV) 935 V) 29.

Kerosene, diesel oil, and solar oil show the behavior de~
scribed for transformer oil; so do benzine and crude petroleum
if d is small, but the #2(t) for these two for 4 large are very
different, as Fig. 42 shows for benzine for d = 150 mm.  The
rise in the layer near the top is as for transformer oil at first,
but then there is a fresh and very rapid rise to Z£ . The second
rise does not occur for layers at some depth. The effect of
this second rise is to produce a layer of uniform temperature
(the homothermal layer), whose thickness increases graduwally as
tige passes.

This pattern of behavior was first observed for crude petro-
leum by Hall [1]; it was afterwards examnined by Burgoyne and
Katan [2] and by Khudyakov [4], and later by Pavlov and Khovanova
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[7,9=11], Blinov and Khudyakov {12}, and Blinov et al [8].
Vertical Variation in the Temperature of a Burning Liquid

s Figure 43 shows #(z) for tractor kerosene burning stead-
ily in a vessel 150 mm in diameter; Fig. 44 does the same for
butanol in a glass burner 36 mh in diameter. The temperature
falls to the initial value within a few centimeters of the sur=
face. This behavior is shown by tractor kerosene, diesel oil,
solar oil, and transformer oil in all vessels, by ‘benzine and
crude petroleum in small vessels, and by all other mixtures we
have used.

w1 fi; |
| ‘\ | * |
o 0o~ 200 YW W W s

VZJMM: 2, MM:

tractor kerosene butanol

The results can be represented by the equation

& — B0 = (8 — B0) &%, (2.55)

in which &9 and tﬂ are as usual and k is a constant. The lines
in Figs. 43 and 44 have been drawn up from (2. 55), whiech fits the
results well; this formula was proposed in 1949 (15 and has
since been confirmed repeatedly [4,6,8,12].

2. Table 2.30 gives some values of k [4,6]. Some k for
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o0il products burning in steel tanks are

d; ca
_?Tractor kerosen@

Illum. Kerosene:
Trafisformer o6il
Diesel o0il

Solar oil

Benzine: :
. Crude petroleum

0,
0

‘ “»O.

a8 follows:

& 1%8 30 50 80 130

38 05 071 081 —~ - 00
52 052 100 0% — - —

040 0,56 1,49 =~ = =
50 056 = = 02 0,08 0,09
3% 046 063 1,19 — — -

042 046 05¢ — — =
041 058 — — = = =

Table 2 50

T

Luia® | Macerint®®

| k; ciimt | o, Mifain)]

x‘z‘ - 40“;« .éi; f.;a? L“’ | =

DD GO, s
RV OWN TOWEO W &N WD W

- -

- 0D

16 - 0, 53
106 = 0 5 y Il
106 = | 0,85 I, 2,

-~ . -
- -

BT e )
- ®w =

D
A g RO D i e B QU

-
-

O N OO

2
5
1
8
(K 21 T Y 2,
K ce e :{.K 30 1,6 | 1,3 ' I,
f » 106 = ‘ lv3 ’ l!
B, e 106 = 103 " 12
Mq e e s e e " 106 - O!B ) 1,0
M! e s 0 e 0 o] “ 170,6‘ — T fl.O 0'2 013
& R 16 = | LI | 04 0.6
|
*E =-ethanol; = butanol; A; = acetone; Ay = amyl

alcohol;
benzine;

A

**C =: glass;

Clearly, k varies widely.

T = transformer o0il;

aluminum;

doet

K = kerosene; B,
MS oil; G = glycerol.

copper; K

Mp

M = quartz.

Moreover, although (2.55) fits tran-
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sient states as well as steady ones, the k for the two types of
state are not the same (k is a function of time for tramsient

tategh  Figures 45 and 46 show k as functions of t for diesel
0il and kerosene in tanks of diameters 130 cm (open circles) and .
260 em (half-filled circles) [16]. '

3. Further, k is dependent on d, on the material of the
tank, and on the wind speed. Measurements [12] have been made
with tractor kerosene and diesel oil in steel tanks whose d were
150, 300, 490, and 500 mm, and whosé heights were correspondingly
800, 1800, 2000, and 400 mm: The 500 mm tank was fitted with a
¢ooling jacket. Some use waes also made of an asbestos-cement
tank of outside diameter 330 mm, inside diameter 280 mm, and

LO0—==T""T

qs0}

: F g
o a2 I A N s
t, M, g 50 100t wan

op
i )
-]

Fig. 45. Relation of k to Fig. 46, Relation of k to
t for diesel oil. t for kerosene.

height 1200 mm. Thermocouples were fixed to the walls and at
various points within the liquid.

The flame was exposed to an air current, which was produced
by a large fan (in the open air) or by the compressed-air line
(in the laboratory). The air currents were usually horizontal,
but in some cases they were directed at 70 or 109° to the verti-
cal. Vertical screens were used to suppress interference from

‘the wind out of doors; in some cases, the tank was fitted with

a horizontal screen to prevent the flame from touching the sides.
This screen was a sheet of stainless steel having a circular hole
equal in diameter to the outside diameter of the tank; it was
placed level with the top edge of the tank. The liquid level
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was kept constant throughout the runms, which lasted 2-5 hr.
Tables 2.31-2.35 give the results; here hy is the distance
Table 2431

Tractor Kerosene, d = 150 mm, hy = 10 mm

vﬁ,s 0,
1 cait/s€e ¥

I

1 42 b 4.4 4 | 185
I 42 | 95
Vo ou
L33 1 I8
I
42 i7

L |
1 :l i l
i3 « S
L}

1

T2,
34 | 180 | 5,
32 | 180 | 5,
g0 | 5.

6)

-

-3 "c':"i 0. %

23 | 180 | 5
51 | 183 | ¢
70 | 178 | —
6 | 185 | ==
36 | 182 | ==
20 |82 | —
5 182 | —
40 82 |
45 | 81 |
8 182 |

14

L w_ e e .

-

%4 ) 10
% | i

3 -
Qe

. 00. 00 = W R D W s R
-3
o

w e e e e

32 6
39 | 3
0 | 3

- X3

SR NOOND = N nn e O

(]

D WWONUWD S WM = [

*Q is the rate of receipt of heat by the liquid.
Table 2,32

Tractor Kerosene, d¢ = 300 mm

k*.lgi! l ay:10t,
oMY I oMY/sec

» b wearsec [0 MBS

aw BT, min Q, calfsec

2 112 | B | o1 | -
55 ; 6 { 75 | 120 | 185
45 o7 ¥ 7% 7 100 b 42
2 | M i 75 4 100 f 82
24 4 39 | 40 | 300 | 43
46 ¢ 26 | 30 | 18 | 65
3 § 3 . 3 | 180 | 53
22 21\ 30 I 180 | 32

oNwuMio o

5 | 20
76 {1 10,5
77 - 42

-

ey

=

-3
5 tn NS W 10—
T

from the rim to the liquid, w is the speed of the air current,
and T is the duration of the test.,  Subscript » denotes that the
horizontal sc¢reen was used; subscript ac denotes the asbestos
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V_ Tracb¢

* Kerosene, d = 490 mm
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Table 2.34
Diesel 0il, d = 150 mm, hé =
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24
49
5,2
8,4
{ 1,0
| 12,0
| 70
| 54
32,0 ¢
| 12,0

15
46
10

10
42

I 174
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Table 2435
Diesel 0ily, 4 = 490 mm, h

= 10 mm

it

Lw, aisee o, ssirmin] kyec

-ts-:-rJ,l-FC}l
S 0. %0 w0 00
i
I
3
o
S

tank., Here z' is the final value of z_, subscript s denctes the
liquid, andvsugscript ¢ the wall. In experiment 50, part of the
wall was fitted with a wick system fed with kerosene, which heat-
ed that part 6f the wall. A1l results fit (2.55) well; k de=-
Table 2.36
Diesel 0il and Tractor Kerosene, d = 500 mm, h, = 10 mm

N Rl P R e e e e 2

88| Dicsel oil ZE‘MA&O’!‘.&(
8% » | Stighe
89 , » \ » 1.y
90 | » | Mederate |

9t » f »

92 | Tesctor »
’ Kersens

| == | 86
46=79! 48
| | 5
210.| = [ 1N
240 [. 61 | S0
0| — | 420

Note. ‘The cooling jacket carried diesel oil in run 88,
water in runs 89a and 91, and no coolant liquid in run &9b.
Runs 90-92 were performed with the jacket removed.

creases as the wall. thickness d_  increases, as Fig. 47 shows for
tractor kerosene. Here the opén cir¢les are for w = O and the
half-filled ones for w = 2.6 m/sec. Diesel oil gives a similar
pattern.

The asbestos tank gave similar results (No. 71); here v
was as for the metal tank, but k was reduced to about half.
Purther, k is generally dependent on the level of the liquid;
k is halved when the level is lowered from 30 cm (No, ?77) to 75

cm (No. 60).. This relation of k to hy is seen in other cases;
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_ tractor

v is almost unaffected by hﬁ'within the limits used.

’ Figure 48 collects results for the effects of w on k for
kerosené; hére the circles are for d = 490 mm and h,  of
60 and 80 mi, while the crosses are the k (halved) from runs 63,

L e e v S KygrtM!
| e e ‘ 80—

]

d,, mm w, mfsec
‘Fige -7+ Relation of k and Fig. 48: Relation of k'
as to wall thickness for ke= to air speed w.
rosefie; 4 = 150 mm.

66, and 67. The triangles are the k from runs 75, 76, and 77.
The points all lie near.a common curve, whi¢h passes through a
flat minimum near 8 m/sec. The results also indicate that k
is dependent on a. :
Runs 47 and 50 'indicate that

the external fire on the wall had
S : little effect on v, but k was ne=
209l arly halved; the fire affected
hind INERE the temperature distribution very
‘ i greatly.  Further; in run 90 the
\§\ cooler was inoperative, while in

There was no effect on v, but
¥z) fitted (2.55) for run 91,

‘ | whereas a homothermal layer was
-4:5»,;‘,,;;ﬂ.;wg - produced in run 90.

00— N—

. 1] The wall temperature followed
;"  the temperature of the liquid clo-
' ) z. mm sely and obeyed (2.55) well; re-
, sults for the wall, where fvail—
Fig. 49. Temperature able, are shown as k_  (cm ).
distribution in the Figure 49 shows results for 4 =
liquid and at the wall 150 mm for w of O and 1.8 m/sec;
for kerosene; w = 1.8 the circles denote the temperature
n/sec. at the axis, the crosses the tem-
perature on the windward wall.
The difference A¥ between wall and liquid is small if w = O, but
the 7% for the lee side becomes considerable; it increases with
w, and also with d. The wall temperature on the windward side
is close to the axial temperature of the liguid. Figures 50
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and 51 show a¢* for kerosene as a function of z,; the distance

from the rim, for seéveral wind spéeds and for two tanks. Diesel

0il gives similar curvés, which in many cases have a maximum.

The position and height of this are dependent on w; for example,
for kerosene for d = 150 mm and w = 1.15 #/sec is 22°; for

ls g m/sec 32°, and for 2.6 m/sec 52°. AlBO,"“ﬂ‘ increages

with d, for it is 32° for d = 150 mm and w = 1.8 ;7sec, whefeas

it is 50* for 4 = 1%00 mm and w = Ll.4 m/sec. Some other reésults

for kerosene [21] show that Azlg;50' for 4 = 500 mm and 80° for

= 2600 mm.

7]

67}

20

14 | 1 | | :
0 Mlﬂﬂ i 200 - DR 500 o - lﬁéﬂ

Z.MM 2, MM

Fig. 50. 42%2) for tractor  Fig. 51. AdXz) for kero-
kerosene (d = 150 mm); w, sene (d = 1300 mm); w,
m/sec: 1) 2‘6 2) 1.8; m/sec: 1) l.4; 2) 1.0,
3) 1.15.

Av&z) is governed by the zﬁz) curves for wall and liquid;

if (2.55) applies,

AG = O — By = by + i — bae ™, (2.56)

in- which

’{bj_-—‘ooc—ﬂ'om h=9% —. b= By — Do

AD = bo 4 (b1 == be) &2

and the shapé is then that of curve 2 in Fig. 51§ wusually, k <
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kgs in which case (2.56) applies, and hére the maximum lies at

ln (b,k )-— ln (b,k,,)

max = ¢ k "'k

4. The temperature distribution represented by (2.55) arises

‘a8 follows. It is asserted [1,5,7] that heat is transferred

mainly by conduction in these cases; we must now test this.

The flow of heat from the wall is negligible if 4 is large, where-

upon the heat-conduétion equation for a liquid burning at a rate
v hecomes

#8 98_00 (257
agz + Vg =50 (2.57),

in which a is the coefflczent of molecular thermal diffusivity.

~Weput'!ﬂ=‘r%att O and at z = aefy mdtf Jsatz;—o- then

the solution to (2. 57) is (8,16]

in which A is a constant,

in which T is a parameter, The steady-state result is found by
putting T =oe; the integral on the right then becomes

Then for the steady state
8— t0.= (9, —0) exp(~ 5 (2.58)

This resembles (2.55); the two become identical if we put that
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Curve 1 of Fig. 52 shows RA3z) at the start; curve 2, from (2.58),
does the sanme for t large, and the curve between 1 and 2 Pepre-«
sents intermediste t. Curve 1 has k = o0 (2:59) gives k =

5.8 ecm™l for curve 2 for v = 3.5 mm/‘mxiﬂ &n'& a = 0,001 cm®/sec.

These values of v and a are close to those for diesel oil for d =

130 cm} k should 11e between 6o and 6 em~t (roughly) if conduction
: is the dominant process. Bt
the results quoted previocusly
show that k is much too small
evenr for t small, so moleéular
conduc tion cannot be the main
process (at least in those ca=
ses 80 faF studied) when (2.55)
is obeyed, apart from viscous
liquids in narrow burneérs.

Since k » v/a, convection
must play a major part; this
éonclusion was drawn in 1949
[15] and has since been con=
firmed several times [8,12,13,

16].

2,MM

The ac¢tual transport pro=
cess is complex; it can [17]
be represented as transfer by
tiermal conduction in a liquid
of equivalent thermal diffusi-
vity as, whereupon the equa=
tion retains the form of (2.58)
and the limiting relations between k; v, and as are still (2.58)
and (2.59). Then we have that

Fig. 52. Temperature
distributions at the
start and end of a run
when the thermal con-
ductivity governs the
distribution.

B — B = (B, -- Do) exp (_%) (2.60)

and k = v/ay. We détermine k by experiment and so find a,, and
thence the convection factor ‘

' £= ,a‘g/ S,
which gives an indication of the extent and nature of the convec=-
tion.

5. Table 2.30 gives the ay for various liquids in burners
of various materials having d £ 11 cm, The following are some
ap (x 107, in cm?/sec) for oil products in metal tanks:
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.d% cu 8 % 30 50 80: 430 450

Tractor kerosene . . ... 35 37 40 62 — — W
" Illum. Kerosene . . 2329 24 51 - — =
Transformer oil ..... ~ 21 22 &I =— — =
Diesel oil s % 2 — = 19 63-78
s°1ar 911 e s s . 23 2,2 '2,0 2.’4 [ T —
Benzine Cieeie = 6390 — = ~ o

-Crude petroleum

e e e 2.71 2,5 - — — e

The molecular thewmal diffuaivities a (in 103 cm?/sec)- for some
liquids are as follows:

Ethanol 0.97 Acetone 1.0
Butenol 0.8 : Glycerol 0.9
Anmyl alcohol 0.7 Kerosene 0:9

‘All are close to 0,001 ¢m /sec, which we may take as an approxi=
mate value for the llquida of main inteérest. Then £ = 1000a,;
, the above results show that £ > 1 for
a.it’ metal vessels, though €< 1 for cer-
Y S tain liquids in narrow burners of
: A, I { glass and quartz. In particular, the
1 NG 1 ay for glycerol and MS 0il are low
35;( T when narrow quartz tubes are used.
1 1 | I These € > 1 point to convection, for
| S PRI A £ increases with the speed of the con-
o 20 90 vection currents.

w, m/sec

~ , Runs 71,. (asbestos tank) and 65,

Fig. 53. Relation  together wilh Table 2.29, indicate

of ay to w for trac- that a, increases w1th de (wall thick-

tor kerosene. ness) and with Ad,; further, runs 61,

(with horizontal screen) and 51 (for ?

the same wind speed) indicate that ay increases very greatly if
the flame touches the side of the tank. This is confirmed by
run 50 (with external flame); local heating increases as.
Moreover, the increased heating of the wall is responsible for
the rapid rise in ay in the series d = 80, 130, and 260 cm;
these large tanks were used in the OPen, where the wind deflected
the flame, whereas those with d & 50 c¢m were done in a building,
Figure 53 illustrates the effects of w on a, for tractor kerosene
in a metal vessel with 4 = 150 mm.

These results will be discussed further in relation to con-
vective transfer in general and transfer from wall to liquid in
particular; at this point we give results for benzine, crude
petroleum, and other liquids that have homothermal layers.
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Temferature,Distributlon in a Li‘uid Having a
¥ Homothermal Layer

1. We have seén above that bengine and other oil products
give rise to layers whose temperature is zﬁ at all points. The

RN

R
Z, MM

Fig. 54. Temperature

distribution in burning

benzine (d = 130 ¢m) af-

ter 1) 20 min; 2) 40 min.
depth of this layer increases with
time, as Figs. 54 and 55 show (the
circlés denote the liguid in Fig,
55). The liquid consists effecti-
vely of two layers, upper and lower;
the top {homothermal) layer has a
very low gradient in z% as for a ma-
terial of very high thermal conduc-
tivity. The fall in 2#in the low-
er layer is rapid; the distribu-
tion is as for an unstirred ligquid.
The two layers represent two dis-
tinct states of the liquid, and the
gradual movement of the boundary
represents the conversion from one

state to the other, as in the

freezing of soil. These layers
will be termed liquid 1 (top) and
liquid 2 (bottom) in what follows.

Liquids 1 and 2 differ in
their ay; if we assume that the
distribution in each is steady,

100 Pee===

10'0; g

100 = P

-

R R YT

Fige 55. Temperature
distribution in the
liquid and at the wall
for automobile gaso-
line at various times:
0 liquid, x wall. The
times T are in minutes.

we can readily deduce ﬂkz). which is sometimes called a distri-

bution of the second kind, to distinguish it from the previous
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(first) kind‘[8] In fact, the “4(z) for liquid 1 is as for a
length of wall Zs (the depth of the layer) having a high conduc=-

tivity. : =:L§ for z = O and #= ## for z = Zyy 80
_ o — 9 o N v (2.4602)
O = .0‘ — _V,S“z’%’ S P < P < 20. (2 60&)

in aceordance with the conduction equation subject to the boun-

- dary conditions for liquid 1.

For liquid 2

a0 . o db
a; 43t 't"uc"'——-o

in which U, is the speed of the interface; = ¥ # u, in‘ihich
u is the rate of increase of z . Now »* z¢ at z = e, 80

® = Gg + ('0', = O). exp[—- -ai—(Z—ZQ)] for 2, <2 < 0. (2.60b)

: The lines in Fxgs. 54 and 55 have been drawn in accordance with

(2.60a) and (2 Ob); they fit the experimental results well.
A The £ for liquid 1 is found as félléw:s:. The heat trans-
ferred to the interface from the surface is :

dQ = he B, (2.61)

in which A, is the equivalent thermal conductivity of liquid 1.
The heat received by liquid 2 is found as follows (Fig. 56).
The temperature at time t is represented by abce, and at time
t + At by adfe; the heat entering liquid 2 in time At is

AQ = c¢ x (area of befd),

in which ¢ is specific heat and 1s density. But this area is

simply that of bkmd, which is ( v’hﬁzo. so

dQ =cp (8" — o) dao.- (2.62)

Then (2.61) and 2.62) give us that

e he B0 o=t 4
AT T T = PR et L
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80
PN U R L
== (' — o) 5, = - (2.63)

This u is simply the rate at which the liguid becomes heated.

Results for automobile
gasoline for 4 = 130 cm and
U = 6.7 m/min [8] give the
temperature gradiéent in the
top layer as 0.16 deg/em,
with 2#'~ £ = 50°; then
(2:63) gives € as about 9000
and agy as 9; 80 A, is 3.6
cal/c¢n.sec.deg (four times
the M for copper). The ¢
found for benzine [10] is
10 000 to 11 000,

e _ Now we consider £ for
2. M liquid 2; here uy/as = 0.17
e ; s o m cm™" and u, = 0.035 cm/sec,
o Vs :CUL . 5 /i A A S
o CoomEmEE €= 200, This result is
somewhat of an overestimate; Table 2.37 gives somewhat more pre-
¢ise values for d = 150 mm, h, = 10 mm, and &« = 90°, which show
Table 2.37

e |
S

» d w, kx('m" }oaae, | g 2! » T |
Ml . ¢ I E s (K A 0 9 | 1 d0% | 4, min Q- P
e M/sec | mm/wain | ca? . cavsee | maminl  am T ominr | ! | el

1
4
i

!

16
17 .
18
23
29
30 |

| 4 | 51 § — 1 = | = 18 |
16 ) 62 | | 120 | 36 { 186 |
2 , 18 80 | 8,3 | 186
- 1 = 102 | 62 | 182
10 }-120 | 8,6 | 185 :
o i 73 ! 280 | 29 | 186 |

| 38 | 31 | 363

-

-
)
e *

oM nive v e

-

,a:v’m-g;

—
=80 o =
PN

-
-

. ——
WWDHODDD =
Ry

oD B Nw

0 | 2

00 == 0O = O D

MO O VOO -
K-
UL s O e B D B O

3 6|62 | 2 | 4 5 bowe | os9 | s | —
41 : ; Mol 19 - | 1w | —} 240 —

that a, ranges from 0,01 to 0,062 em®/sec.  An interesting point
is that £ shows a regular upward trend with w and with d..

These ¢ show that convection occurs in both layers when the
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distribution is of the second kindj; it is very strong in the top
layer, for X 1&g many thousand times the molécular conductivity
and even exceeds the N for copper.
L It is miuch less strong, but still im-
I ‘ { portant, in the lower layer.

~ 2+ Figure 57 shows that z, is
at first proportional to t; the rate
— Uy is given above, and also in Tables
I 238 to 2.43. This rate is dependent
et OB the liquid and on the conditions;
550 diethyl ether and benzine give the
highest u,. This rate does not per=
Wi s E5. DPaletdam  8i8%t; especially if the tank is tall,
,§%8;>5Z;‘t£;§§ti°n and z, tends to a limit z, (Fig. 58).

o ST YETEE The behavior is deacribed well by

@=%ﬂéfwé : (2.64)

in which y is a constant and t is reckoned from the omset of for-

- mation of the top layer. The lines in Figs. 57 and 58 have been

drawn in accordance with (2.64), which shows that this initial
rate u, is related to z} and u.by

Tables 2.37, 2.40, 2.42, and 2.43 give Ugs #, and z} derived
from experiments with benzine [12].

It is simple to prove (2.64). The amount of heat received
by the lower layer in unit time is proportional to R2 (dz/dt),
in which R is the radius of the vessel; if the liquid in the top
layer moves at a speed v, it removes a quantity of heat q e« VR
from the surface each second. The wall loses heat at a rate
proportional to Rz,. Now

2 _ o P
a = av = pos

We assume that a, b, and v are constant, and introduce the sym-

bols
: )
"2 =‘_'Bbfe_ s B= ";g"v

which give us that

Zy— 2y = Ae M,
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Diethyl Ether
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Note. The cooler contained no liguid in run 85; the ben-

zine was thickened;

in run 87, and the benzine was not thickened.
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with thickened benzine). The cooler carried running water



Formula (2.64) is reached if we calcoulate the time from the on-
set of formation of the layer and determine A.

luate the effects of the various factors on uy; #, and z5; we

seé that u, incréasés with w, which points to th :
factor in producing the homothermal layer. Results for benzine
in iron tanks (Table 2.44) confirm this; here mode 1 indicates
experiments to which (2.55) applies, mode 2 indicates a distri=
bution of the second kind, and z, relates to the end of the ex-

-périment.

The top layer is always present, but z; is very small in

small tanks for w = O (it then appears very quickly); 3z, is also

200 e e = ':.:. ";;.:_.::j‘>

]ao_;v i jL: e -

t, hr w, M/ sec

_Fig. 58. Curve of zo(t) Fig. 59. Curve for u (w).
for crude petroleum :

small for large d if w = O. A finite w always increases 3z,
especially for d = 176 mm, and inereases u, as well in the latter
case. For example, T-1 kerosene in a 176 mm tank had a large

7z, in the presence of a wind, but u, was only 2-3 mm/min.

The tests with the horizontal screens also demonstrate that
the wind accentuates the top layer; for example, runs 54 and 56
show that the screen reduces z_., the z! for these two runs being
respectively 900 and 500 mm.  Again, z, in run 69 was large,
whereas in run 70 (seme w, but with the screen) it was very small.

There is also some evidence that 25 increases with d, but
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Runs 72,, and 78, (for the asbestos-cement tank) show that
the homothermal layer occurs éven in a tank of low conductivity.
Here 2! is much greater than for the metallic tanks, although u,
is somewhat lower.

The effects of a thickening agent (1.3% of aluminium naph-
thenate) were examined in run 86 (with benzine)y v was not aff-
ected appreciably. Table 2:35 shows that a homothermal layer
was still formed, except when a cooling jacket (free from liquid)
was fitted; the jacket screened the wall from the flames

3. Cooling the wall affected the temperature distribution
very much; in run 87 (Table 2.35) the cooling jacket was supplied
with running water, and here no appreciable homothermal layer
appeared even in 2 hkrs This result has been confirmed by others
£10] for benzine in tanks of diasmeters 80, 139, and 264 cm. 1In
one series the tank was cooled by water trickling from holes in a

_ Table 2obb

£ it s "
- I S | 3
£ % omiv | 2o dim | . §
«} ‘ : & Y *

d, .u.u Wind { s
: ‘ :: &«

A T
| 8 4 8
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35 | 88 | 72-120 | 290
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20 1; kIO
37 » » e L
37 | ves . .|
176 | Ne .« .
176§ Yeg . .
176 i_ BRI
300 | No ..}
300 Y" _—

54 | 3,6] 7

N*l NG DD s vt e s e
o
<

A N
= %0 o oo -
|

O vt DI 0 N T O WD

3

tube running around the top outer edge; no cooling was used in
other runs. The temperature distribution in the first case was
as for diesel oil and kerosene; e varied from 6 to 12, and the
temperature fell rapidly away from the free surface. In the se=
cond case there was a homothermal layer; g was 1l 000. A seri-
es was run [10] in which the cooling was not used at first; the
development of the homothermal layer was recorded. After 29 min,
when z, was 12 cm, the cooling was turned on; 2z, then gradually
decreased and after 90 min was only 1.5 cm,

Petrov and Gerasimov [22] have also examined the effects of
water cooling on benzine in two identical tanks 130 cm in diame=
ter. The levels were kept constant during the rums; one tank
was cooled by water flowing from a cooling pipe fitted to the out-
er top edge. The two tanks were used simultaneously in order to
eliminate effects from the wind, air temperature, and so on. The
flow of water V' was varied; so was h, the distance from the edge
to the surface (Table 2.45). Figure 60 shows the mean rate of
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heating U as a function of V' for h = 700 mm; therée is an initial

rise, followed by a rapid fall for V' near 1.2 1/see¢ per m. No6

homothermal layer was forned for V*=> 1.2. The effects for h =

70 mm were very different; no layer arose éven when V' was small,

and u for ;he uncoodled tank was 13 mm/min (as against 4 mm/min for
=: 700 nm).

These results show that the coollng produces results depen-
dent upon the conditions; it may acéelerate or rétard the heat-
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ing. In the first case (h large, V' £ 1.2), the water becomes.
heated before it reaches the level of the surface and so heats
the liquid instead of cooling it; the flow is adequate to cool
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Fig. 60, Relation of @ to Fig, 61. Relation of u to
water flow rate for benzine. water content for crude oil.

the benzine only for V' > 1l.2. In the second case, the water
flows only over the part of the tank containing the benzine.

It has several timés been observed that the water content of

an oil product is important [5,7,9]; fairly full results are a-
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vailable for emulsion petreieum-[QJ. Here u is found to in-
c¢reage with the water content (F Y"w~“t% falls at the
Same time. The temperature dis _ dent on the =
ter content 1n some cases'

'moist' machlne 011 gives rise to a temperature distributio

as for benzine [5]. Further, they have shown that a distribu-

tion of the first kind applies to mazut containing not more than
0+1% of water, and one of the second kind if the content exceeds

0.5% [7].

4e Figure 55 shows the temperature dlstributlon in benzine
(open circles), at the lee wall (erosses), and at the windward
wall (triangles): Here there is a substantial 42 as between
wall and axis; at first, the temperature on the lee side is eve-

X 4 O ¥ ;

N\ Al 100

2RI N 1

- ==

ot

10 |- e
o 200 - 0,, “‘ ‘)i-'ﬁ"“ = 5 mu\L
Fig, 62. AH(z) for benm= . . Fig. 63. Temperature V8.
zine for various times time for points in the
(run 30). same plane in benzine:

1) in liquid; 2) lee
wall; 3) windward wall.

rywhere above that in the benzine, but later is is so only within
and slightly below the homothermal layer. The Arﬂ below the
layer decreases as time passes, eventually becoming zero.

-Figure 62 shows 4Hz) for 10, 15, 30, and 80 min; the low=-
est point on each curve corresponds to the bottom of the homo-
thermal layer. Figure 63 shows the temperatures at the two sides
for points in the same plane; this indicates that the second ra-
pid rise in temperature is associated with the onset of a rapid
rise in the wall temperature.

Heat Exchange Between Wall and Burning Liguid

1. We have seen above that the wall is not at the tempera-
ture of the liquld' a llquld that varles 1n temperature or con-

only 1f certaln condltlons are complled w1th. Any devlat;on
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from those conditions results in convectlon, which tends t6 eli<
minate the differences. It is not usuwal for a bur & liquid

to comply with these condltivns, 50 convection is present. Tem=
perature differences are the main cause of convection, so0 we
need to examine convective heat transfer.

Fairly detailed studies have been made on transfer of heat
from a wall to liquid, but these mostly relate to pure substan-
¢és, whereas oil products are usuwally complex mixtures; which
may contain much suspended water. Blinov et al [13]} have exa-
mined liquids of this type; their results are given below.

2. The transfer from a wall to a liquid free to move can
be described by a general curve for all liquids and for bodies
of various shapes [17,18]. Here the principal criterion is

T ) - ¢ 3 T 9 05 7 o;gt‘lled upto
Liquid IS o em el e -
| R 5 1000 | 1400 | 1050 | 2000
e e i "‘“a:'“"'l‘“","f‘,","‘_'\',‘“ﬂ"i‘“f‘ m e e s e —— - '*‘t il
L. Ethanel ... 0,79 | 1,0 80 } 19 | = ‘ i :
2,  Benzene. ... 087 ] 06 8 | 18 | =
3, 1 + 2 | 0.82 ) 08 6 | 20
t Toluene- - - - o 087 | 061100 | 20 | — |
g: Gasoline P 074 | 081 = | 20| 78 32 | 8 | 97 | =
7. Diesel oil - o 085 | 481 — | 20 | = | = | — | — | =
8. Mixtuge of | o | 10) ~ | 2 | 88| 5] 3 | @ | =
9. Tractor ker,:| 083 | 2.0/ — | gg R Bl Badl Belt
10, Paraffin oil | 0.87 18l | — } 20 4 = = | = | = | =
11, Crude - - - | 0.88 28 — | 20 | 80 37 10 24 | =

GrPr = Ra, which we have considered above. The shape of the
body -is of secondary importance, so tanks or other bodies of con-
venient shape can be used in the experiments. '

Spirals were used in transfer measurements with binary mix-
tures and with o0il products; the spiral was the filament from a
lamp (40 w), which was placed in a vertical glass cylinder con-
taining the liguid. This spiral was Q.64 mm in diameter and 24
mm long; it was placed horizontally. The resistance was mea-
sured as a function of temperature in calibration experiments,
and so the resistance (ratio of voltage to current) under the
working conditions gave the temperature. The current and vol-
tage were allowed 4=5 min to settle down after any alteration;

readings were taken every minute near the boiling point.

The first measurements were made on individual liquids
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(bemzene, toluene, ethanoi, and mixtures of these; the ethanol«
benzene mixture was 65:35 (by volume), and the benzene-toluere
one was 50"50. Theé latter mixture is ¢lose to ideal, whereas

the other is not. The same applies to the ethanol<toluene mix-
" ture.

Thé main measurements were made with automobile benzine,
diesel oil, a mixture-containing equal volumes of these, paraffin
oil (dry and wet) tractor kerosene, crude petroleum (not speci=
ally moistened; also containing 3.6 and 12% water). The water
.was mixed with the oils by means of a very small ceantrifugal
sprayer coupled to the water
line and immersed in the oil.
The mixture was used after it
" had been allowed to stand for
some time (when the large drop- -
lets had settled out). The
water content was determined
by analysis.

Table 2.46 gives the para-
meters of these liquids in cgs
units (@, density; ¥, kine-
matic viscesity; +f, boiling
point; z%, initial temperature:
6+ initial distillation tempe-
rature) and also the proportion
(%) distilling up to certain
gpecified temperatures.

:;;:Qaum“;;;;eim;_;ﬁ;:l“ 5. TFigure 64 shows some
20 405080 100 720 dz“"—’ of the results. Here ¥ is the
Yy29 temperature of the spiral, a is

the heat-transfer factor, and s
is the surface area of the spi-
ral (only one was used); as is
in w/deg. The values are the
means of several readlngs.

The temperature of the liquid vapried from 18 to 20°.

Fig., 64, Curves for as =
£(#) for 1) benzene; 2)
.ethanol; 3) benzene +
ethanol.

products (dry or moxst) are all of the same general form~ the
points lie on two curves. One (curve A) rises slowly over a
large range; the other (curve B) rises steeply, but sometimes
has a less steep part later. The B curves cover only a small
range,inWt% in which a becomes much larger. The two curves re-
‘sult from two different transfer mechanisms [17,18]; curve A
corresponds to free convection, while curve B corresponds to nu-
clear boiling. We consider convective transfer first.

4. Free convection is governed by
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Ra= GrPr = U882 _pjonp,

in which els density, ¢ is thermal capacity, B is exparsion co=
efficient, ¥ is viséosity, and X is thermal conductivity; 1 is
the governing dimension (here the diameter of the spiral). g is
the acceleration due to gravity;. A;ﬂis the temperature difference,
and b ls the convection modulus:

B PiBE
b"nh "

Nusselt's number (Nu =
&l/X) is related to Ra {17] by

Nu=C Ra", (2.65)

in which C and n are functionsg
of Ra,; though they can be taken
as constants (1.18 and 1/8 resp=
ectively) for Ra between 0.001
and 500, and also for Ra between
500 and 2 x 107 (then 0.54 and
1/4). Other C and n can be
ugéd to give a better fit ip

; ! L (2465) if the range in Ra is
0VH‘W_NLHM“‘J;,WWM;«,ijlwf smaller.

Yon 0 3 o “'0 i
2 H0 1a Ra __ Figure 65 shows results

f13] for various liquids, which
indicate that oil products obey
(2.65) satisfactorily. The 1i-
ne drawn on the figure fits

Fig. 65. Relation of Nu
to Ra for toluene, benzene,
ethanol, automobile bens=
zine, tractor keroséne,
.and diesel oil.

Nu == 1,23 3 Ra™, (2.66)
in which B = 1.4 if the surface area is calculated from

= 2nrl’,

in which » is radius and 1' is length.

The yange of ‘Ra here is 102 to 10#, 50 some of the results
fall in the region in which n = 1/8 and in some in that in which
n =1/4. The Nu given by (2. 66) for Ra = 104 and by Nu = O.54Ra'
are in the ratio B, because the true surface area s' is greater
than 2nrt'. A spiral having turns in close contact gives s'/s =
1.57, which is close to @ (l.4); the active area s, is somewhat
less than s', so we may take B as s5,/s. If we replace s by s,
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we have
Ne = 1,2 Rgoue . (2567)

The above results [17] agree well with other published
values, 86 0il products obey the laws for pure substances. For<
mula (2.65) is applicable to mixtures not répresented in Fig. 65,
as the following shows: The tyo guantities appearing in Ra
that are the most affected by -J are 4 and p; the relation of
a to & for any given liquid may be put as

a = K(adfy)® (2.68)

in which K is dependent on the liguid and on the dimensions of
the heated surface, while n is as in (2.65).

‘Line A in Fige 64 has been drawn in accordance with (2.68),

" which fits the results well in every case, so we may conclude

that mixtures not represented in this way will obey the same

laws as the othérs.

5. The B curves give a that vary with zﬂ(or, strictly, with
AP as in
@ = E(AY)". (2.69)

The following values, although not very precise, do show that a
increases very rapidly with A% once boiling sets in, especially
for benzipe:

Liquid m

Automobile benzine 4
Benzine + diesel oil - 4
Tractor kerosene 2
Moist paraffin oil 2
Crude petroleum 345

These m are much larger than the powers in Kutateladze's
[23] proposed formula.

6. The intersection of the A and B curves definesﬂdﬂ, the
temperature of opset of boiling; boiling proper usually starts
somewhat above ﬁi, because there is often a degree of super-
heating (sometimes considerable). This z% is of great int:iest;
Table 2.47 [13] gives values, as well as tﬁe boiling point T,
and the temperature of the start of distillation € for the oil
products. These 7k agree with previously published values for
pure compounds and binary mixtures, apart from toluene, whose "
P is several degrees above the published values. The discrep-
ancy is caused by impurities. The benzene-toluene mixture is
of the nearly perfect type, while that with ethanol is of imper-
fect type. . Both types behave as do pure substances. The
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agreement betWéen‘iﬂAand,tg for the pure substances and binary
mixtures confirms that ¥y is the temperature of onset of boiling.

Table 2.47 shows that 1& @ for kerosene but ‘I} > 6 for
benzine and crude oil (especislly the latter). The reason is
that the ¢rude oil ¢ontains 6nly a very small proportion of the
light fractions; only 3% distils over up to 100°, and only 10%
up to 140°. ' The precise value of 1& =@ is dependent on the
‘comp051tion of the oil product.

Table 2 42
o % | @
Bl °cC
1, Ethane ....... .. ' 80 1
’2:5 Bénzene PP S S S . 79 |
3.0+ 2 AP
5. 2 + 4 S §7
6. Gasoline R -
7+ Diesel 0il . . ... 176
gm‘ﬁ'*'7 4 P20 |
9. Tractor kerosene - - « - 187 |
10, Paraffin oil -'- - - 260 §
11, Ditto, moist . 100 |
12, Crude . - - T
13. Crude, 3.6% water . 1w | .-
14, Crude, 12% water - - - :| 100 |}

Thezﬂ for the mixture of diesel o0il with benzine is 120°,
which lles between the for the components. This is to be
expected, for the two mlx in all proportlons, the solutions are
not ones giving a maximum or minimum on the vapor-pressure curve.
The theory of solutions shows [24] that the boiling points of
such mixtures lie between those of the components.

The moist paraffin oil has vz 100*, whereas the dry oil
has a.vﬁ of over 250°. This is te be expected, for the water
behaves as an insoluble liguid in relation to the oilj; a mix~
ture of this kind has

P =P + P‘Z’ (.2070)

in which p is the total vapor pressure, while P and pp are the
saturation vapor pressures of the two components. Formula

(2.70) implies that the boiling point of such a mixture should
lie below that of the more volatile component. Now py (water)

150



is much larger than p, (oil), &6 p » pyy and the boiling point

is very ¢élose to that of water; as is }eun The sameé explana-
tion is applicable to the crude oil containing 3.6 and 12% water;
dﬁ is 100*, whereas ﬂi for the dry crude is 160°,

1, .The wall temperature in a tank differs from the tempera-
ture of the liquid; the difference incéreases with the air flow
rate; the same applles to narrow burners, although here A7 is
only 1-2® (Table 2.48): This difference gives rise to convec=
tion currents, whose vigor is indicated by Ra; the currents

Table 2.48

Alamihiam ;  d =140 @ ( G'iﬁ, d = 36 wik

o | o 17| 2

V25 M. i s PR S ‘ 5’1‘0“ ’ 40 ’, 80 l g i : 4
1 es | 28 | 16 | 14

O Gented,°C. o - . ., | B2 | 45 | 38 | ¢ 2 | 128 | 1
O (waltd,°C. . . ... | 53 | 46 | 39 | 3 | 66 | 31 | 18 | 15

Z :Ws, but much smaller
for unbounded l;qu;ds, We_may a§sume t . convedtion currénts
are bound to be present if Ra > 1600, although Ra is also depen=
dent on b, the convection modulus, whic¢h is dependent on the na=

ture of the 11qu1d. SOme values are as fellows.

Ethanol 27 I 126 000
| Acetone : 27 1 360 000
lAutomobile benzine | 20 | 150 000
| Tractor kerosene | 20 | 60 000
| Diesel oil { 20 |} 30 000
‘Glycerol ‘1_27,Af 440(

In general, b is small 1f 1s large, it 1ncreases rapldly as
the temperature rises. Convectlon in diesel oil sets 1n if
1}A1}> 0.05, and in ethanol and automobile benzine if T Ar/e >
0.012 cgs units.

. A liquid in a narrow burner may be considered as a llquld
layer; here 1 = r. A liquid in a tank is effectively unbounded
horizontally, especlally if 4 is large. The critical Ra is ex-
ceeded for diesel 6il in a burner 8 mm in diameter if A »0.8°,
and for kerosene, benzine, and alcohol for even smaller‘Azﬂ
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Now Ra increases rapidly with d, o0 we may assumé that convection
is always present if 4 > 8 mm; on the other hand, ¢onvéction
does not océur even in ethanol if 4 & 5 mm, so here only conduc—
tion occurs. But v decreasés as d increases, which means that
heat received from the wall plays a significant part; this
source becomes negligible under normal conditions if d > 80 mm

] 2. The ay (equivalent thermal diffusivities) for liquids

in metal tanks are much smaller than those for glass burners.

The following are some ay: ¢Opper, 900; aluminium, 500; iren,
1503 glass, 1l.7; quartz, 3.3. That for copper is gome 500
times that for glassj the metal burners heat up in a manner dis=
tincét from that for glass and quartz. Thé depth of the layer
heated by convection is much greater for a metal burner, which

is one reason for the great difference in the as of the liguids.

3s; The T in the Rayleigh c¢riterion equals the height of
the part of the wall that is hotter than the liguid (for tanks);
‘here Ra 5> Ral, and convection currents are present,

The maximum difference A19 between lee wall and liquid
inereases with w, thé wind speeax Ra increases with Arﬂm .5 80
convection becomes more vigorous, and ay increaseés with w. Hows
ever, the wall loses more heat, and the extéent of the contact be-
tween wall and flame decreases, so ther is also a tendency for
ayp to decrease as w increases. Factors that tend to increase
Af accentuate convection and incréase a3, a8 the results from
run 50 show; the wall became heated. This explains why arti-
ficial cooling (with screens) reduces a, and why as increases
with wall thickness.

4. The flow near the wall is laminar for Ra > Raj, but it
becomes turbulent if Ra > Ray, [17,19], the latter limit being
higher; gural convection about a plane becomes turbulent if
Ra > 2 x 10° [19]. In general, Ra, is less than 107,

The Ra for some of the above tests are as follows. § run
12 (tractor kerosene), 1 = 20 cm and A¥ = 15°; Ra is 7.x 10
which exceeds Ra,, so‘the conveqthn is turbulent. In fact, €
is about 1ll. In one of the runs for diesel oil in the 1300 mm
the llquld on the 1ee slde, and here Ra was 9 x 109 (>-Ra ) £
was about 60, Tractor oil in a 150 mm tank, with no wlnd. gave
Ak, = 8%; the wall was hotter than the liquid for a length of
5 cm. Here Ra was several orders of magnitude lower; convec=
tion was vigorous but not turbulent, and £ was about 4.

These examples show that vigorous convection occurs at the
wall of a tank containing a burning liquid; this may be turbu-
lent under suitable conditions. Here ap is always greater than
the molecular thermal diffusivity., Calculations show that &
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never eéxceeds 100, even when the convection at the wall is very
vigorous.

Causes of the Homothermal Layer

Some 0il prodiucts; and diethyl ether, give rise to such
layers, which may be of considerable depth; kerosene, diesel
0il, and solar oil do not give these layers. We have seen above
that a; for the homothefmal layer in benzine is higher than the
thermal diffusivity of copper and also much highér thah the aj
for benzine itself when this layer is absent. This layer is
vigorously mixed by convection, which also causes a rapid trans-
fer of heat to the lower boundary of the layers

Many different explanations have been proposed for the con-
veétion in this layer. It has beéeen supposed that the upper
part becomes depleted of light fractions, inéreases in density,
and so sinks; Hall, who demonstrated the existence of this lay-
-er, first put forward this hypothesis f1]s However, measure-
ments and calculations show that the density at the actual teém-
perature is less than that of the ¢old initial material, so any
such effect must be 6f minoy importance. On the other hand,
one might suppose that fresh material at the lower boundary is
heated and rises; but then this new material rapidly becomes
mixed with the already heated layer, so any density difference
cannot persist. Again, differential boiling of fresh material
cannot be invoked, for diethyl ether (a pure substance, which
cannot give differential distillation) gives such a layer [11].

It has also been supposed that the temperature difference
Af vetween wall and liquid is on of the main causes of the cir=
culation in the layer [8]; all oil products give rise to sub=
stantial Azf, and Ra exceeds Ra, (and sometimes Ra, also), so con=
vection (perhaps turbulent) is present. This motion ocgurs in
kerosene, which does not give a homothermal layer, so 47 alone
cannot be the main cause of the layer.

" Another suggestion is that distillation occurs at the bott=-
om of the layer [2] or within the body of it [1]}; the vapor
bubbles rise and so stir the layer. However, nuclei are needed
to cause normal boiling; vapor is seldom formed within the body
of a liquid, and the process is explosive when it does ocecur.

The experiments with benzine (Fig. 55) serve to solve the
problem; here the c¢circles give vﬂfor the liquid, and the crosses
2ffor the lee wall. Clearly, the latter 2¥is above 100° over m
much of the region covered by the homothermal layer and is 80-90°
at the lower edge of that layer. Benzine starts to boil at 89°,
and direct observation shows that a considerable ridge (indica-
ting a vigorous rising current) occurs at the lee wall. Now
the wall always provides an adequate supply of nuclei, so normal
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boiling can occur there. In fact, the benzine is boiling in
this region, and the rising bubbles of vapor cause the vigorous
st irring.

The homotheriial layer arises with liguids of low boiling
point &’: is about 90° for benzine and 35° for ether); mazut and
machine oll also give siuch layers, =lthough their ti are high,
but only when they contain water. The dry materlafs Five tempe-
rature curves that fit (2.55); z9 falls to about 100° when water

is present; so the liquids become effectively ones of low 1&5

Crude peétroleum gives a different type of distribution; it
usually contains water, which is largely responsible for the homo-
thermal layer. It is stated [7] that dry curde gives no such
1ayer. the dlstrlbutlon belng suoh as to flt (2 5“@ Kerosene,

sontain water and
tha; have Ialrly hlgh v& (137 and 176’ for kerosene and diesel
0il).

These results show that anpreclable homothermal layers occur
only for liquids whose Ak Rk
100*; no such layer is formed under normal condltlons 1f ﬂ% 7-9k,
although one may form under special conditionse ]

The origin and growth of the layer in behzine are as follows.
Figure 55 shows that A% is everywhere positive when the benzine
has been bufning for a few minutes, but then the wall temperature
at the lower boundary of the homothermal layer becomes the same
as that of the liquid at that point; subsequently, it falls be-
low it. The liquid begins to boil when the wall has becomne hot
enoughs the rising bubbles stir the liguid, and the motioén gives
rise to the homothermal layer. At the sSame time, this layer is
depleted of its light fractions. The heated layer of liguid fa=
cilitates the heating of the wall near the lower boundary of the
layer; the curve for z¥at the wall shows a kink, and boiling
starts at the bottom level, which inteénsifies the circulation and
introduces fresh liquid. The process of boiling gradually ex-
tends down the wall, and so on,. In fact, the heated layer faci-
litates the heating of the wall, and the resultlng,bo;llng tends
to increasé z_. The explanation for liquids other than benzine
is, of course, much the same. The pro¢éss can occur only in a
liguid of low zﬁ; the relation of z, to t fits (2.64), as ex-
periment shows.’

Conditions that favor beiling at the wall also favor the pro-
duction of the layer; this explains run 87 (in which the tank was
cooled by flowing water), when there was no homothermal layer, and
also other experiments [10,22] in which the walls were washed by
water.,

Now the effects of the screen and the wind become explicable.
The wind deflects the flame ontoe the wall, which becomes hot and
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S0 causes more vigorous boiling; the layer arises more rapidly
and is deeper. The horizontal scéreen prevents the flame from
touching the wall; so6 the layer appears only slowly.

) It may be that a very large tank containing only a very low
level of liquid would not give rise to this layer, for the ratio
of circumference to area would be very small.

The layer appears in benzine even in tanks made of poor ¢on-
duetors; the reason here is simply that the heat received by the
inside wall from the liquid is not readily lost to the surround-
. ings, s6 it migrates down the wall and causes the lajer t6 deve-
lop fairly rapi&lya

Petrov and Gerasxmov s experlments show that 1ncerrgct treatment
can actuwally accelerate the growth of the layer:. Proper treat-
ment éan be highly effective for benzine, ether, crudée petroleum,
and 80 on.
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kh vo"rosakhn_otnoe”ashch1kha?a

1. Crude petroleum and certain oil products sometimes boil
over when they burn in tanks; this makes the fire much more
difficult. to contain, and the burning 11qu1d presents a serious
hazard. Large volumes of burning material may be thrown high
in the air; for example, in tests with c¢rude petroleum in a 260
em tank, depths of up to 4 m of oil have been thrown 12 m into
the air, the spilled oil then coverlng an area of 1000 m? £33.
These boil-overs often cause great damage and loss of life; a
fire at Baku in the early years of this century ignited a workers'
settlement, with many deaths f123.

‘Much attention has been given to the effect, the first ex-
periments being Hall's of 2925 {1], which numbered over 100. He
found that a homothermal layer is produced in crude petroleum and
that boil-overs occurred only when there was water under the oil.
His conclusion was that the boil-over occurs when the high-tempe-
rature front reaches the surface of the water; the water must be
removed in order to suppress the effect. Some of his conclusions
were incorrect, though; for example, he believed that homothermal
layers occur only in crude petroleum, not in products.

Hall's discovery of this layer gave rise to numerous studies
on its rate of development; some of the results were published
by the American Oil Institute {2). Burgoyne and Katan [2] made
a detailed study of heat transfer in burning oil products in 1947;
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this showed that homothermal layers tan occur in certain oil pPro=-
ductss In the USSR, Pavlov and Khovanova have made nmeasurements
on outdoor equipment; while Khudyakov [4] and Blinov [5] have
made laboratory studies. These last gave the best indication of
the cause; they are dealt with belows

2. The laboratory studies were made on an apparatus resenb-
ling that used for measuring burning rates. A glass or quartz
burner contained a liquid at a fixed level; in one seéries the
liquid -filled the entire burner, in a second there was mercury
under the liquid, and in a third water. The depth of the layer
of combustible llqnid was measured with a cathetometer.

30&;»:~“~-::,‘:"‘f
ami‘ﬁ‘ff,'~~r§; ‘ 200 1t
1 & I :
100 frescomgiifisssiise ity i 3
PPonada o s |
e L i A - ”‘, oj‘;; “”Hmji["“ N b T 8
g 10 20 30 Z.mm ’ € £, min
Fig. 66. Temperatures in Fig. 67. Surface tempera-
solar oil for a glass ture of transformer oil
burner 21 mm in diameter. floating on water contain-

ing floating particles.

of high boiling point (transformer 0il) were used in the first
series; in no case was the liguid ejected. The same applles to
the second series, but the liquids (kerosene, solar oil, trans-
former o0il) were ejected in the third series. This ogqurred
when the residual layer was shallow; usually there were several
cycles of b0111ng, in which part of the combustible liquid was
ejected. A noise. of explosive type occurred during the ejection.
The underlying water did not eject the fuel if it had not pre-
viously been boiled; previously boiled water ejected the fuel
during the third and fourth runs, unless it was left to stand se-~
veral days between runs, when it boiled normally.

Several experiments were made in order to establish the tem-
perature at the surface of the water, as well as the distribution
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in the filled burner: The temperaturé at the interface was mea-
sured as a function of time. Figure 66 shows results for solar
0il; the open circles relate to the solar oil, and the filled
ones to the underlying water. The two liquids were at the same
temperature at the interface; the same result was obtained with
kerosene; s0 these results are probably applicablée to other fuels.

The 'surfacé temperature t’ of the water was above 100° when
boiling or ejection occurred; ¥ not léss than 120° were néeded
to cause beiling followed by ejection, and ones in excess of 140°
were needed to cause direct ejection. - These temperatures were
the same for kerosene, solar oil, and trafnsformer oil, but the
depths of fuel at whic¢h they occurred vary from one llquld to an=
other.

Cork dust floating at the in-
terface caused vigorous boiling to
D . - get in at a certain p01nt,wthe

| ol § temperature then fell rapidly to
about 100°, and so did uf Figs 67%
This was s6 for all the flqulds,
the boiling is simply that of wa-
ter at 100°:. The ejection éffects
are caused by superheating in wa-
ter lying under the immiscible oil.
Water is readily superheated under
thesé conditions, as the following
experlment shows. A wide test-

' tube was wound with 15 turns of
T20 4D twee constantan. The tube was filled

. with keroséne, whi¢h was heated
slowly by a current passing through
the e¢oil, A drop of water was run
in from a fine tube, and next to
it was placed the bulb of a thermo-=
!sent initially or at a meter. The drop was observed un-

later stage. der a microscope. A faint crack-

ling was heard at 120-150°, and a small gas bubble detached itself
from the drop, which also broke away from the tube. The drop
alse shrank gradually at temperatures above 100°, but no steam
jacket was formed even at 140-150°,

Fig. 68. Surface temp- -
erature of water heated
from above with oil pre-

A further experiment (on a tube wound with 12 turns) was per-
formed with water that. had been boiled for a long time; this was
covered with transformer oil. The water began to boil smoothly
at 100* if the surface was above the top of the spiral; bubbles
were formed at the wall. But, if the water lay entirely below
the coil, the temperature of the water rose above 100*, and the

0il was eJected if the superheating was considerable.
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A beaker was partly filled with water, which was exposed to
radiation from above (from an arc lamp). Figure 68 shows the
surface teémperature as a function of timé; a is for water alone,
b is for water covered by a thin layer of solar 0il, and ¢ is for
water initially alone but coate& with oil at the point marked by
the arrows Clearly,; the solar oil causes the surface temperature
of the water to rise above the boiling point, which does noet occur
if the surface is free.

This also confirms that the boiling~over is caused by the
strong superheating of water under a layer of oil. The eéffects
are best understood by reference to the literature on the boiling
of liguids [6=-11].

‘ 3. Boiling is the production 6f vapor within the liquid;
this does not occur below the boiling point. Superheating ¢an
occur, and the state is thermodynamically metastable; it can
persist until a nucleus of the new (vapor) phase appears, where=
upon it is convérted to the stable states Bubbles of vapor are
generated and grow in the process. The usual nuclei for these
vapor bubbles are particles of dust and minute gas bubbles, for
a highly pure liquid allows of considerable superheating. Vater
that has been freed from air by prolonged boiling ¢an be heated
to 130° in a tube before it boils: pure water in a carefully
cleaned glass vessel boils explosively at 137°. (Krebs heated
water very carefully freed from air to nearly 200°* without caus=
ing boiling.)

The abnormally elevated boiling point i& very rapidly nor-
malized if sand or any other solid with a substantial surface is
added, for bubbles are formed on it at once. A liquid can be
superheated within a second liquid having the same density; wa-
ter droplets floating in a mixture of two oils can be heated to
178° without vaporizing [7].

radiu§ rk, wh;ch is determlned by the cgnd;tlon that the preesure
must be the sameé on both sides of the interface., Then -

2
p+—+hp g——ps——f‘—{», (2.72)

in which p is atmospheric pressure, p_ is the saturation vapor

pressure of the liquid, a is the surface tension, g is the accel-
eration due to gravity, h is the distance from the surface to the
bubble, ¢ is the density of the liquid, and ¢' is the density of
the wvapor., The bubble is eliminated by the external pressure if
r < rk but can grow and move upwards 1f r > rk. Now p = p and
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to cause boiling; but Py - P> 0 for a superheated liquids: The
rk for a slightly superheated liquid is still large, so theé inclu-
sions are still necessary, but ry falls very rapidly as the temp-
erature increaseés; and the probability of the spontaneous produc-—
tion of bubbles soon becomes appreciables At high temperatures
suitable nuélei can arise from phase fluctuationsy the theory
[9-11) shows that the probablllty of produc¢ing a nucleus of cri-
tical size is

1674303 T, )

w o exp (— Jprame )

(2:72)

in which v and ¢ are the volume change and latent heat of the
transitlon, T is the b0111ng point, AT = T = T o and T is the
actual temperature. This w increases rapidly w1th AT, .

The rate of production of vapor in normal boillng is govern-
ed by Q, the rate of intake of heat. Here

Q = nvmgo,

in which n is the number of points at which bubbles are formed,

$ is the number of bubbles formed peéer sec at each polnt, m is the
amount of vapor in a bubble, and 9, is the latent heat of evapo-
ration.

Heat flowing in through a free surface accelérates evapora=
tion at that surface but does not cause boiling. The effects
discussed for oil products oc¢ccur when the product prevents the
water from evaporating, the heat arriving mainly via the oil.
The water becomes heated above 100°® if there are no nuclei at the
surface; steam bubbles appear in the liquid at higher tempera-
tures, and these expand ragidly. The expansion may be suffici=
ently violent to eject the 0il if the temperature is high. The
superheated water contains a large amount of stored heat, which
is

2y

Q = e ®— 0. 50z,
0

in which ¢, @, and t}§ are the thermal capacity, density, and boi-
ling point, z is the distance from the free surface, is the
temperature at that distance, 2z, is the thickness of the layer in
which z’:>z§, and s is the cross-section of the layer.

Ejection occurs when z, is small in laboratory tests, be-
cause the temperature in a burner varies rapidly with depth in a
burner, as (2.55) shows. Large quantities of liquid may be ejec-
ted from storage tanks; here the homothermal layer causes a rapid
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downward transfer of héat to the boundary, which superhéats the
water when the boundary reaches that ! a Here the layers
are very much thicker, but the phenomerna are essentially the same
as for burners.

buperheatlng of the water ig certalnly the ¢ause of ejection
for o0il productsi . the water must be redoved or prevented from
becomlng superheated. The lattér is possible if suitable nuclei
are introduced in good time, for normal boiling can commence when
the boiling point is reached, so superheating and ejeétion are
prevented. Special studiés are needed to establish the best
type of material to use for niclei in each particular case.

The surfacé temperature of thé burning liquid is sonmewhat
bélow the boiling point, and the temperature decreases with depth,
50 & homogeneous liguid cannot becomé supeérheated and boil over.
These effects can ocecur when a second (largely insoluble) 11qu1d
of much lower boiling point lies undernéath. Suspended water in
an 6il product has pronounced effects on
the rate of combustion,; the surface tempera=
ture; and the development of the homothermal
layer« This suspended water may causé the
0il t6 boil over the side of the tank.

Blinoev's experiments of 1956 illustrate
the béhaviér of water droplets in hot oil.
A glass tube (vertical) 5 ¢m in diameter and
70 ém long was used; the middle part was
Fig. 69. BEva= fitted with an external heater, and the tube

Qo0 000000

poration of a was filled with machine o0il, which was hea-
drop of water ted to 140-180°.  Small drops of water were
in very hot allowed to enter the oil, where they fell

machine oil. slowly. At 140-150°, some of these evolv=

ed a train of small bubbles, as shown in
Fig. 69. The number of drops doing this increased with the tem-
perature; this caused the oil to overflow at the top of the tube.
This type of slop=-over is found with 011 products (including ben-
zine) and crude petroleum.
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Paf¥t Three
EXTINCTION OF FLAMES FROM LIQUIDS IN VESSELS

. A burning 11qu1d can be extinguished by acting on the
liquid or on the flame. The liquid will cease to burn if its
surface temperature falls below tie 1gn1tion tenmpérature;
there is no need to cool the whole bulk of liquid. It may be
sufficient to stir the liquid, as only a heated surface layer
is involved; alternatively, the surface may be sprayed with
water.

The flame dies away if the supply of vapor decreases;
the supply is reduced if the hot liquid is covered with a thin
layer of an incombustible one, for the diffusion coefficient
for a vapor in a liquid is very low. A very thin film of
liguid may be sufficient to extinguish the flame. A foam can
act in this way, as we shall see, though o6ften rather poorly.

The burning may cease if heat from the flame is prevented
from reaching the liquid, but the method is of little practical
interest, for it has been found [20] that the temperature of
the liquid has scarcely altered 10 min after the flame is extin-
gulshed. Even if the flow of heat is stopped, the hot liquid
will continue to evaporate and support the flame for a fair
time.

The burning may stop if the normal conditions are dis-~
rupted, though this is practicable only in certain cases where
a fine spray of water may be used; the droplets evaporate and
cool the flame, while the steam dilutes the reactants, tne re-

sult being that the flame goes out.

The above are the general methods of extinguishing
flames, which are considered in detail below.
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Extinction by Stirring

‘ *s  In 1903 Loran 1] concluded that the combustion of
a liquid can be retarded or stopped by stirring, but the method
did not find practlcal applization at that time; it was not
tested until about fifteen years ago [2=6]J. A jet of air may
be used to stir the“liquid. The first application was to oil
products in tanks 2], in which an air jet was used in the
first series of trials; and a jet of the liquid itself in the
seconds The air or liquid was admitted through packing at the
bottom of the tank: In some cases the flame was extinguished
with liquid drawn from the lower levels and sprayed from above.
‘The various methods were equivalent in their effects. These
tests served to establish the conditions under which the fire
could be put out, although the mectanism was discussed only in
general terms.

Sukhov and Kozlov [4] made tests on the extinction of
burning 6il products with air jets at TsSNIIPO in 1953; tanks
80 and 260 cim in diameter wereé used. The time to extinction
_was measured as a function of air flow, depth of ligquid, and
) packing (size, amount, and positien) . The results were not
analyzed, and no -deductions as to the mech were mades
Further tests 6n thé new methéd were done on large tanks at the
same institute in 1954; the report contains a discussion of
the motion induced by the stirring. It was cornsidered that
the vortices set up by the air jet can be taken as confined to
a cone whose vertex angle a is dependent on the viscosity, the
method belng successful lf R £ htan(“), 1n which h is the depth

In 1956 Pavolov and Sukhov [5] publlshed resul ts obtained
in 1954 in Baku; here an attempt was made to deduce from theory
the extinction conditions for oil products as funetions of depth
and diameter. Pavlov has since continued this work k [6-8].

In 1958 there appeared studies £9,10) of the stirring pro-
duced by jets of air and liquid, with results on the extinction
times for some oil products. These times T werée defined as
those necessary to reduce the temperature of the surface layer
below the flash point; a relation between T, H, and the air
flow rate V was demonstrated. These studies have been extend-
ed [11=15], and fresh evidence has been obtained on the hydro-
dynamics of the process, with special attention to the critical
conditions for extinction. It was found that heat transfer
from flame to liquid plays a major part, that the result is
governed by the mean speed of the liquid at the free surface
(i.e., by the time ¥ for an element of liquid to pass from the
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center to the edge), and
that the flame was extin-
guished only when < ¥e
(the c¢ritical time). The
nuierous experimental
results were examined in
theé light 6f the theory
of similitude to derive
an edpirical relation
‘between ¥, V; h, and &
(the diameter). It was
shown that T’ does not
| ' ' depend on the meéthod of
oo , mixing; it depends only
A T Lo s on 4}, the inditial tem~

‘ 1 perature, and oh the
nature of the liquid.
There are effects of h
and d on T, but the criti-
¢al conditions remain un=
¢hanged if ~ is constant.

A~

PR
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Now we turn to
details of the hydro-
dynamic aspect, espe=

ially for stirring by
means of a jet of the
same ligquid.

" e

IR
meilan ot |
<

2: The motion was
examined by means of an
open plexiglas ¢ylkinder
50 ¢m ih diameter and
110 cm high, which was
contained in a lucite

Fig: 1. Movement in a liquid
stirred by a jet of liquid:
a) h = 25 cm, q = 25 1/min,

d = 1mm; b)h =k cm, tank 50 x 50 x 110 cm.

q = 2.5 1/min, d = 1 ma. This was used in order to
avoid distorting the pattern of movement in the cylinder. In
the bottom there was a vertical tube fitted with a gauze. The
vessels were filled with water, which was used in all tests of
this type; . the water contained a little sawdust, whose density
was close to one. A projector illuminated a thin vertical
layer passing through the axis.

The water entering through the tube entrained the part-
jcles; the pattern was photographed every 1-2 sec (Fig. 1).
The inflow gave rise to a conical flow pattern; the vertex
angle of the cone was constant at about 10°. Complex vortex
patterns lay between the Jet and the wall.
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‘ Quantitativo studies were made with a tank 260 cm in dia-
meter; this was filled with diesel 0il, and a jet of the same
- 6il entered through a grid at the bottom. The speed at points

in the tank was measured with a Burtsev gauge.

3« The oboorvations #howed that the behavioyr was very
nearly that of a turbulent jet entering a body of fluid of the
same nature, so ‘we shall use the main concepts rolating to such
Jjets (173«

Fig. 2. Jet entering a body of fluid.

Such a jet is termed free and enclosed if it enters an
unbounded nediun having the same physical properties. A tur-
bulent jet contains random vortex motions that travel beyond
the limits of the jet and entrain the surrounding fluid. The
particles leaving the jet are replaced by ones from outside,
which retard the outer layers; there is a transfer of momen~
tuii from the jet to the body of fiuid, with the result that the
mass and width of the jet increase and the velocity at the
boundary falls.

Figure 2 represents some features of such a Jet. The
boundaries of the divergent surface meet at the pole; the con-
. stant-speed core becomés narrower as the nozzle is left behind
and finally vanishes at the transition section. The space bet-
ween the nozzle and the transition section is called the initial
part; that boyond, the main part. The jet spreads out in the
latter part, and its speed falls. The distance h° (from the
initial section to the pole) is related to s, (the length of the
initial part) and to the anglo a by
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in whiem‘no‘is theé radius of the nozzle.

The velocity distfibution takes the same form in all sec-
tions of the main part; the ratio of the velocity u to the velo=

city at the axis u, (the dimensionless velocity) is the same at
all similar points. Further; we use the ratio of the distance

¥ from the axis to the width of thé‘ie% bs r/b is the same for

similar points. Figure 3 shows the velocity distribution in
terms of these parameters.

Fig. 3. Velocity distribution in the initial part of a
‘ turbulent :jet Of circular Cross-sectiou.

The relation of u_to s (the distance from the mozzle in
the main part) is found™by assuming that the momentum remains

constant in all cross-sections; then

m “ )
S udm = S putdo = const,
0 0

in which dm is the mass of liquid flowing through the cross-
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section in unit time, g is density, and do is the area of an
elemeént in the c¢ross-section. The condition for the conser-
vation of momentum in an axially symmetric jet may be put as

b,

PP I \& r: dr . G -y ~
Un S ﬂum)ij?ig‘"ICOHSL {367)
0 .

in which x is the distance to the pole. Now w/u is a func-
tion of r/x alone, by virtue of the above:

+=Hz) (3:2)

80
b/x R ds
¢ fu \2rdr o P
(1]
Then the velocity at the axis is
_comst

It is usual to use the above s insteéad of X%, in which case the
dimensionless axial velocity may be put as

“9996”:“*9‘.96?0' o
o 8% : (3s5)

E o
in which a is a constant whose value varies with the structure
of the flow in the initial section, being 0.07-0.08 for a cir-
cular nozzle; u  is the velocity in this section.

Now we ¢alculate V, the flux at any cross-section of the
main part:
b ]
V= &u 2ardr = 2ub?um‘§ z. r'dr’.
b4 0
But
1

b % \ Lo e = 1,14,

—_— T e =

Re "R ) n

80 (3.5) gives us that
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v = 228 i) Rty 2T, (3.6)

' In ¢onclusion, we must point out that the above resuits
relate to turbulent gas flows.

%, The main ideas for free jets can be appiied to the
confined jets used in stirring burning fuel: The results in
this application are as follows. Figure 4 [16] shows the velo-
¢ity distribution in terms of the distance from the axis of the
tank (abscissa) and the vertical component of the velocity (u)
or the distance to the inlet (h). Here we find two types of

T\ 4 [ T
W

L Vr s
Fig. 4. Velocity distribution in Fig. 5. Velocity
a jet of liquid confined in a profile in a jet.

liquid.

curve, one which falls rapldly to zero and the other which
falls rapidly at first but then runs parallel to the abscissa
for a long way. The sharply falling parts in both cases re-
late to the motion in the jet, while the other parts are the
result of interaction between the jet and the walls.

rlgure 5 shows u/um agalnst r' = r/b the varlous sym—
whlle the full llne relates to a free Jet [17j, The two velo-
city profiles are clearly similar, and u/u p +8 a function of r’
only: n

>
~
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an = N & )
in which f(r') is almost the same for both types of jeét. The
pole of the confined jet is defined by the boundaries of the
cone, but the considerable uncertainty in these causes the pole

to be located only

roughly. The a for
e this ¢ase is about 10°,
i - { though this tends to be
| [ { low; on account of poor
Py . LT S vaensitzvity in the velo-
T T ety gaugs:

i ‘x\\Eif | } _ Figure 6 shows uy

as a function of 8; u.
.
! S| i remains constant (as in
| ey a free jet) near the
77 AT T Y nozzle, the behavior
o for the main part being
described -by

Fig. 6. Relation of qn to B
by

o = s

in which bo is a function of V_, the rate of influx. This
shows that the axial speed falfs off more rapidly with s, which
is a result of gravitational forces (these oppose the upward
motion of the liquid):. The flow, including the entrained

) .
vV = S 2nrudr = u,b%l,

0.
in which

Z.onr' ar.
2

I'=

Se

This I is the same for all sections and is close to one; there
is very little error if we put that
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V = b (3+9)

This, with (38), shows that the flow increases with s, but not
very rapidly.

5. Petrov and Reutt have measured <« (the traversal time)
for tanks 50; 260, and 2240 cm in diameter; the ligiids were
water, kerosene, and diesel oil. A rotameter measured the sur=
face speed v a8 a function of r; Fig: 7 shows the results from
one run. Hetre

R

5
Uy Clgee : in which R is the radius
L gy == w S Y A ' of the tank. Graphical

’ intégration was used.

In some cases,; ¥ was mea=
sured with a stovwatch
and ¢6rk; the method is
not very precise, for the
values show a large
spread, and at least 50
measurements must be made
for each point.

B0~

40, * -

Ti00 ryom
Phis 7 is a function
Fig. 7. Flow raté at the .surface of u_ (the speed at the
of a stirred liquid; vessel dia- inle?), the diameter of
meter: 1) 6.5 mm; 2) 135 mm; the inlet d_, the dia-
. 3) 26 mm. meter of the tank d; and
: the depth h:

T == f(h, to d, dc,).

These five parameters may be formed into the three dimension-
less quantities

T I ‘_IC_
T odr

The jet is turbulent, so viscous frictiom may be neglec-
ted; 7T is then independent of the nature of the liquid to a
first approximation, and
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This means that u ¥/d must be constant for given h/d and d./d.
~ Figure 8 shows results for the tank 260 ¢m in diameter
for the three liquids for three inléts; clearly, T is not

deépendent on the nature of the liquid, but 1t does vary greatly
with u and d .

I o
BN LS W ¥
2 ft
% f’v"aif —
Fig. 8. Relation of to u,; Fig. 9+ Relation of
d, (mm): 1) 26; 2) 13; ° u,%/d to d/d_.

3) 6.5.

There is no effect of h/d on 7. Further, Fig. 9 shows that
u t/d is proportional to d/d_ ; the results give

T_audzd ’ (3.12)

in which a is 0.0725. This is applicable for d from 50 to
2240 em for h/d > 0.2 and d_/d > 0.0018; it is stated that
(3 12) is appllcable for any 1nJectlen system if 4 is re-
placed by the equivalent diameter d .

6 The hydrodynamic picture is more complex if air is
used; here we have a two-phase jet, which does not follow the
laws for a single-phase jet, although there are certain points
of resemblance. Several studies have been made of the hydro=-
dynamics of the process [9,11-13]; the main results are as
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follows.

The velocity distribution in the llquld has been examined
{9] by means of the transparent model described above; the gen-
eral pattern was very much that shown in Figs 1  The angleé of
the cone was constant at about 10°. The jeét showed strong
pulsations; = the height and position of the raised area at the
surface varied rapidly. The motion in the Space between the
Jjet and the wall was also complicated; this was of toroidal
type and ernicompassed all the liquid if h < R, but the toroid was
confined to the upper part if h 5 R; the thickness 6f this part
being constant and roughly equal to R. Complicated movements
ocecurred between the bottom and the toreid; the center of the
left part 6f the toroid would fall, and the right would rise,
whereupon the water flowed downwards on the left under the

Fig. 10. Instrument for recording pulsations in a flow.

toroid, upwards at the wall on the right, and then, at the
boundary of the toroid, back to the axis. Then the two halves
would change positions; and so on. Someétimes vortices.arose
briefly in the lower part. These jets were, of course, turbu-
lent. :

Petrov and Reutt [12] have examined the motion within the
jet by means of the special strain-gauge device shown in Fig,
10; here 2 is a steel plate bearing the wire strain gauge.

One end of the plate is held by the rod 1, the other bearing on
the needle in the support ring 7. Rod 1 is joined to the

disc 6 and can perform small movements about its axle, which

is held in the bearings 3 within the body L, The rod and dise
are balanced by the weight 5. 'This instrumeént detects large-

scale pulsations, which contain most of the energy; it records
flow rates from 10-15 cm/sec upwards. The motion is recorded

on a narrow paper strip by an MPO-2 oscillograph.

Studies were made on diesel oil in a tank 2.6 cm in
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diameter; h was 208 cm and d, was 26 mim (axial). The disc

was set at right angles to the flow direction. Most of the

measurements were made on the axis of the jet; Fig. 11 shows

recordings for a flow rate of 3.3 l/sec. The type of fluc~
tuation is clearly very much dependent on &, for there were
regular ésc¢illations
whose amplitude and fre-
guéncy were functions of
flow rate at distances

“of 10, 20, and 30 cm.
The métiéﬁ became more
random at large dist-
ances, few regular fea-
tures being apparent at
80 cm, although two fre-
quencies (one low, one
high) persist at 80 and
120 cm.

Photographs of the
inlet show that a large
air bubble iz formed
near the inlet; the
upper part is struck by
the jet of incoming air,
and this gives rise to
many small bubbles. The
cavity enlarges and ex=
pands upwards; the num-
ber of small bubbles
inc¢reases, but these
soon break away in a
body to leave the bubble
as it was at the start
(Fig. 12). The fre-
quency of this process
increases somewhat with
the flow rate. The
groups of bubbles entrain
liquid; they gradually disperse. The motion in the jet be-
comes highly 1rregular, partly on account of oscillation of the
axis of the jet about its mean positien. The bubbles are also
unevenly distributed within the jet. The low-frequency oscill-
ations are caused by the groups of bubbles; the high-frequency
ones, by the individual bubbles.

Blinov et al [9) have derived some empirical laws for the

Fig. 11. Pulsations at distances
from the inlet (ecm) of; a) 10;
b) 205 ¢) 30; d4) 30; e) 120.

The points are time marks at
intervals of 2 sec.
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velocity distribution in such jets; a Burtsev rotameter was
used with water in a tank 2.6 m in diameter. Figure 13 shows
the results from one series, the velocities being the vertical
velocity distribution
in such jets; a Burtsev
rotammeter was used with
water in a tank 2.6 m
in dismeter. Figure 13
shows the results from
one series, the velo-
c¢ities being the verti-
cal components for the
heights shown. The
curves are cofiparable
with those of Fig. &,
o N ) S _ and here again we find
Fig. 12. Pulsation of the air two types. The conmpo-
cavity at the inlet. ' site curves contain
parts related to the
jet and to the liquid
between jet and wall.
The parts for the jet
alone are Shown by

h,Cm )
W ===

/30 = ‘ Ao Dol L L | 160

flgnks- These curves
show that the boundaries
of the jet lie on
straight lines that meet
at an effective pole,
which lies below the
inlet. The angle a
between tne axis and
any sugh line is 13°,

no matter what V_ (the
flow rate) may be, pro-

1 vided this is less than
2w E Brem 1 1/sec.

»mqV;?“
80 "

70}~
01—
40F

, Figure 14 shows
Fig. 13. .Velocity profiles for a the ve]_oc:Lty as a
vertical air jet in a liquid; function of distance
h = 1~25 m, de = 25 mm, from the axis; the
f/spc. signe relate to the
various experiments.
Representation in dimensionless terms shows elearly that here
we have that
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@ = —li_ = F ")
u = FEr)s

in which £{r') is the same for all rins. The profile is very
similar to that for-a single<phase unconfined jet.

Figure 15 shows how u, varies with sj for & > 50 cm, uy
is constant. This is very different from the behavior of a
free jety

u
10

T

g

S

O
s L
X

o

W

Y

Fig. 1. Velocity profile across  Fig. 15. Velocity at
the jet when a liquid is stirred the axis as a function
with air. , of distance from nozzle.
u_ is constant on account of the 1ift provided by the air
m
bubbles. Now

- L
um=a) 78

in which h and g are as above, and a is 1ndependent of V and
h but is a function of d « The flow of liquid is °
1
' V= Tlmf',”,, S 2"’7 (f’) dr’ = ll,,,f?,,l,
¢
in which I represents the integral, which is found to be %.03,
8o we may put that

3 /7
V=Tt = (s + hpataa )/ g
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Measuremeénts have beern made of the horizontal velocity
componcnt 1 o from the axis in the top layer, which gives the
.flew G in that layer (Figs. 16 and 1?); here G¢' is G for
= 6 1/86c. ‘The points fit the curve of Fig. 16 well; G(V_ )
is the product of two functions, one containing only h and oﬁe
containing only V

G =9 ¥ Vo).

.m e

250 'T;“:“:.‘f"'f “( :i;“":’l". : 4|

T Ry R v R TRy T o w0z 3
VO' v‘gc /’. M
Fig. 16. Flow of liquid in top Fig. 17. Flow of liquid in
layer as a function of air flow. top layer for a constant

. air flow.
To a first approximation
A more accurate expression for G(V)) is
G =@ () (1 —e-).
Figure 17 shows that G(h) has an intermediate maximum;
G >V at all times, because the flow at the surface includes

liquid taking part in the vortex motion between jet and wall.
Also, G < V over sections OA and BC, so

l
~3
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. airs

IRPLR [ N
9 () = p Bt
Vi

in which b i& a constant.

Pétrov and Reutt have made many measurements of z £193;
results [11,13] have been worked up by means of the method
dimensions. Reuttis main resulits [11] were used in conjunc-
tion with boundary c¢onditions and hydrodynamic equations to
dediuce a system of dimensionless parametersj Reutt has showh
that this same system ¢an be derived from general arguments.
We may assumeé that the mean speed at the surface (i.e., T) is
a functlon of hy, d;3 V_, g, O (surface tension); and AP
(= P - f )’.P being tRe denslty-of the liquid and p' that of

[f we take d as the main parameter, we get the dimen-
sionless quantities

? ISR AR U £ SRR * S}
@ "= C@n =7
These may be rélated as in
e o Q H) (3.13)

Now the quantity on the left is 51mpLy Fr, while 1 is Weber's
number We; Petrov and Reutt [1}] introduced ¥ into Fr to
derive the relation

d ‘// \M G‘ =1 gd"Ap h}~= : i )
in which A, B, m, n, and k are found emp1r1cally as 1.26 x 106.
0.81 x 10° , 1.53, 0.42, and 0.83. The results are worked up
to give

LW B HY CH QY (3.15)

Here A' and n vary with the liquid; B', C, and m are the same
for water, kerosene, and diesel oil, while H is given by

Ho :!l—-]/.l r—'- p_h.
L o. '

in which po‘is‘the:atmospheric pressure.
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~ Eguation (3.75) is applicable even when the air is fed in
at the side or through several tubes.

It is no accident that the viscosity does not appear in
(3:14), for the viscosity is assumed to have no great effect; a
mixture of crude oil with diesel oil has about four times the
viscosity of diesel oil, but < is unaffected, while Paviov [8)
finds that & 100=fold increase in viscosity demands only 60%
‘more air to produce extinction. Thig work of Pavlov's deals
principally with the effects of viscosity in this method; exten-
sive experimental results are given. Unfortunately, lack of
¢értain vital details prevents us from using these results.

The above relationships are cumbréus; moreover, the viss
¢o8ity does have a certain effect. We now examine whether a
simpler equation incorporating the viscosity can fit the results.
Blinov's results in this context aré as follows.

. The formula must contain dimensionless combinations of h,
Ty Voo d, Bpyn, g, and d;y e.gs

in which ! is &

I linear dimension,
9 9= 9p (the kine=
L T T matic viscosity),
and % is the viscos-
ity." (The density
of air is neglected
relative to the denw
sity of the liquid.)
Petrov and Reutt's
résults show that

1'5 ;:v.;.:, SRS P

_ &

and that

T= i),

Figure 18 shows
Fig. 18, Relation of log ¥ results from thirteen
~ to log ¢ runs with water,

) ' ' kerosene, diesel oil,
and crude oil mixed
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W"elvdil for tanks of diameters 2.6 and 22.4 m (central
'« No points have been omitted; V_ varied from 0.3
to 300 l/sec, and ;f by four orders of magnitude. The straight

line is ‘

Ig © = 0,345 (Igy — 5,30).
The results give a good fit to
€= Qz 10"')0.345 . ( 3. 1 6 )

7 The results for 4 = 130 cm deviate systematically from the
above line, the deviation (upwards) increasing with h; (3.16)
is not applicable for @ < 2.6 mes Thé walls may have a pronoun-

¢ed effect in small tanks.

Equation (3:16) is also inappllcable if the air is fed in
from the sides, though the résults are satisfactory if the in-

‘lets are symﬁetrlcally placed and if the equivalent diaméter is
.uséed. Six inlets in a 224 m tank give an equivalent diameter

of 0.7d, 56 several such inlets are more economical tinan one
central one. 7

The ¥of (3.16) sh@uld be replaced by "t(g/t),}é. although
this ! is noet d or do; perhaps the mean size of the bubbles is
involved. The lack of suitable results prevents us from decid-
ing on this point, s6 (3.16) for the present remains unchanged.

7. Consider a rigid paralleleplped of volume dv moving
over the surface with the mean Speed of the liquid; the liquid
inside is in continuous exchange with that outside, and so the
internal temperature will vary continuously from -} (initial)
to some final value. Tbls last is governed by the heat receiv-
bulencef 1t may be above a crltical llmlt 1f ifis large, so
the flame will not go out. Extinction occurs only for 7« <‘f
the critical time.

This conclusion [1# 15] is confirmed by tests; some re-

sults for kerosene are given below for an 8.6 m tank having a
central air inlet. T

Ve 1/sec ...... 51 58 53 50 2 58 47

% sec  ...... 8 52 52 52 54 40 10

Result «+r... —. 4 + 4 4+ b —
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Extinction occurs if ¥ < 8 see. Fuller results were obtained
by measuring the time to extlnction, the results being extra-
polated to the critical V for a given hy the 4 for this V_ was
calculated from the formulas: Table 3.1, and later tables,
give the results.

Table 3.1
2.6 m Tank Stirred with Air

TepeMemiiianiie nosnyxom d =2,6 4

[ Ve A Te s . - ; ( w
Bt doupsee |90 0 o | Fuel, air inlet

;| Diesel oil, central

34 L 29 | 7,91 Y
541 30 | 7,5 Ditto
|22 | 7.8% Ditto
- 15 )| 7.0 Kerosene, central

Here we must add that the 1% for keroséne in a 22.4 n

tank is less than 15 sec. The méthod of mixing, the deptn,
and d, all have no effect on

Tc H d has a sl 1Sht effect,
but v, is the most important

. P parameter. Figure 19 shows
fbgiii'ﬁ“l“uﬁf¥7¥;%535¥ Te (%) for diesel oil and

| ‘*"“'**\\ﬁ 1 T kerosene° clearly, T falls
30;“,,;,,Tél%ﬁ”f;“w_ﬂﬂxwﬁ rapidly, especially as the _
1 | Al f I eritical lelt-3 is approa-

' ‘ 13 R ched. Stlrrlng aoes not
g a T extinguish the flame if
e T 4 > 5.

| ‘ | N ) The relation of to
&0%"--MSWh~-r~~‘*“”i~”;l may be found as foliows

| \\ | [981." Consider the parallel-

SLSN S S T epiped dv as before; let the
¢ 50 100 time taken to traverse a

radius be y 80 the tempera-
ture when 1% reaches the wall
is (eritical). The burn-
ing ceases in this case.

The heat received is dg = c(w9 {})dv, of this, dg,

£aT‘*‘C ds' is received from the flamé and dq, = a(-‘& '@)’t ds"

Fig. 19. Relation of 7
to 36 a) for diesel oil”
and b) for kerosene.
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is received from the adjacent liquids Here ¢ and a are para-
meters of the emission from the flame (temperature T), ds' is
the area_that receives the radiation, a is the heat-transfer
factor. {} and-ﬁzare the mean temperatures of the llquid under
and in dv, and ds'" is the area available for heat transfer.
The law of conservation of energy gives us that

a9 =dg + +dgs ; pc (@, — Go) dV = eaT@,‘rg s/ -4 & (ﬁ,, — 0) Te ds”. (3.17)

But
gl (3.18)
These two give us that

© in which b and b. are constants dependent on the propertiea of
the llquld, the ffame, and the conditions generally; they vary
little with d for large tanks of equal burning time. The full
line in Fig. 20 is for (3.19), which fits experiment well.

8. The flame does not go out if ¥> T ; the extinction
is the more rapid the smaller ¢ if U< %, The condition
¢ = T, divides the two states; if air is used, we must have

A d' ." 7 . g

We may assume that i{ is independent of d for d > 2.6 m,
from wniah‘we'may\&raW:SQﬁg interesting conclusions. Here
(3.20) gives us that

h 41/ E ”]/f?i 3,21

-%e=cmmt}/%§~ﬂ§@nﬂt 7 (3.27)
in which V_ is the specific flow (the flow per unit surface
area); then h/d is clearly a function of V_ and d, and is not
a constant, although this is commonly assuméd to be the case

[83.

The critical ¢onditions give us that
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s ist 5 Ve = conisty, (3.22)

or, if d is constant,

const

Voh3 = const ; h= Vv (3+23)

These relationships are only approximate, being empirically
derived from numerous experiments.

The boundary condition for extinction by a jet of liquid

is
2L~ const.
iyl

This gives us a relation between critical values:

_— u,,dc
‘.t‘ :=—d—'—-_bdﬁ (30 “‘)

in which b' is & constant for a given liguid; this implies that
V.. is dependent only on d (within the range in dé that has
beén examined). i

These relationships are not applicable if h is small_ for
a fountain may form, air channels may arise, and s0 on [7%
The constants of (3.20) and (3.24) are, of course, functions of

e

i

9. It is usual to measure the time T to extinction; the
relation of T to U is important, for the twoe are not equal,
though they have & unique functiornal relation T = (). Now
T =z cofor ¥= T, and T-»0 as ¥->0; these requirements are
satisfied by :

(L
(E‘cg_)___ r (3.25)

in which a and m are parameters.
Consider first the use of air; (3.16) is inserted in
(3.25), whereupon we have

: a

T=g_x &=y
I- T
e
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as

in which a, varies with the liquid: Unfortunately, we have
few results on T for d > 260 cm, 80 (3:.26) cannot be tested
thoroughly, but such results as there are for T [10,19] we
shall use. Figure 20 shows T for diesel oil and d = 260 ¢m
[10]; the crosses denote results for oil that had been burning

" T sec
Yo

00}

200}~

Fig. 20. Relation of T Fig. 21. Relation of T to
to heV . : air flow rate.

for 2 min, while the circles denote O.4T for oil that had been
burning for 30 min, The line is from (3.26), with m = 2/3.
The points all lie near the curve, some of the deviations being
the result of errors in T and of variation in «F. Further, a,
increases with the time for which the liquid has been burning.’
If h is constant, we can replace (3.26) by

and if V is constant, by



s
h?/l —-'hzi '

Experiment confirms (3:27); the line in Fig: 21 (for T
against V,) vepresents (3.21), the points bveing from [207.
Further, §§»27) is the same as a formula given previously £183
while (3.28) is very similar to another one [18].

 The existing data do not allow us to relate the a, of

T, sée

700 ] ,/Kmum

| / Watee

Fig. 22. Relation of T " Fig. 23. Motion when two
to uydg. immiscible liquids are
(o2 ] % |
stirred.

10, The above discussion, in conjunction with (3.12),
enables us to put for liquid-jet extinction that

% oy b”

(llgdg)n = (’IOdg)'é (—udg)‘é

(3:29)

The only experimental results are those of [19]; Fig. 22
shows T against u,d., the curve being from (3.29) and the
various signs being for the different runs. Here n has been
taken as 2/3%; (3.29) fits the points well,

11, The experiments on extinction by stirring confirm
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the theoretical picture. Theé cold liquid from the bottom

flows over the surface, where it mixes with the hot liquid and
is heated by the flame., If §'< -} (the latter being the igni-
tion temperature), the flame goes out . The cold liquid; as it
were; shields the hot part from the flame. This point must be
stressed, for it is sometimes incorrectly supposed that the
extinction occurs when the mixing has proceeded sufficiently to
reduce the temperature of the hottest part below the flash
point.

12. 'The above experiments relate to tanks containing the
combustible liquid alone; in practice, there may be another
llquld (such as water) under the fuel. Qur picture of the pro-
cess is far from complete; only qualitative observations have
been made on kerosene floating on water [16] in the above trans~
parent tank. Figure 23 illustrates the pattern, which shows
. that each llquld is stirred separately, the mechanism is as
for a single liquid, but the stirring is reduced for a given
air flow. .
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Extinction of Flames from Liquids by Means of Foam

The Russlan engineer Loran proposed the use of foams in
fires caused by liquids in 1904; the method is now in common
use. Up till about 1940 or so, it was generally believed that
the foam extinguishes the liquid by preventing access of air;
in 1938 Bogdanov [1]} argued that the fosm 'acts by isolating
the liquid from the influx of heat! and that 'the foam acts as
an insulator, for it has a low thermal conductivity and does
not transmit the heat', which inhikits the evaporation, so the
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flame goes out. Thése conclusions were not tested by experiment.

In 1951 Khudyakov [2] showed that Bogdanov's conclusions
were incorrect for volatile liquids; the cooling action of the
foam stops the burning only if the top layer of liquid is eooled
to the ignition temperature. He stated that 'it is clear that

- the foam retards the
transfer of heat from
, the flame to the liquid
o . and also cools the top
S S layer, but these effects
only reduce the rate of
evaporation; the flame
continues, for the flow
of vapor is sufficient
to maintain it. It
may be that the foam
also retards the evapors=
ation'.  His experi-
ments on the evaporation
of benzene, ¥xylene, and
the benzene fraction
from coal tar were made
on surfaces coated with
foam and also om un=
coated ones; the foam
reduced the rate of
evaporation very greatly.
He concluded that 'the
foam acts mainly by pres=
venting the hot liguid
from evaporating'.

12014t

N

8014

Other important
studies on foams are
B R o i B B Losev and Kazakov's [3]
=TT T T T T and Blinov and Khudya-
T Ly ey R R T kov's [k]. The first
AR w%,iﬁo two workers (from the
Central Research Insti-
tute for Fire-Fighting)

Fig. 24. Surface temperature of

A s DR used a tank 130 cm in

""" high, which was fitted
with thermocouples at many poimts. The fuels used were tractor
kerosene, diesel oil, benzine, and raw crude oil.

1. The kerosene tests showed that the foam caused a



lsequent fall bezng slow (Flg. 24) Foams PO 1 and PO 6 sup-
pregsed the burning completely when the surface temperature
reached 50-60°; the chemical foam required 30°. Figure 25
shows the temperature distribution
during and after the burningj the
foam has cooled a thin upper layer
. of the liquid, but under this there
| I lies a hotter layer.

200N ] 2:; Some tests were done with
‘ | ¥ | { diesel o0il (surface 20 cm below

| the top of the tank):. Table 3.2

| N shows that PO-1 foam produced ex-

: | tinction at a surface temperature

S | of 100°, while KhP (chemical)

‘ 1 { foam required 40-70°.

p—y 3. Numerous tests were done
‘"”('”””T with benzine; PO-1 and chemical
" | foam were used. Benzihe gives
zcj” rise to a homothermal layer, whose
thicknéss inereases with time;
the foam was applied when this
layer had reached thicknesses of
10, 20, 35, 65, and 80 cms
Figure 26 shows the results from
one run; the foam lowers the sur-
face temperature and alters the

Table 3.2
Foam Layer 2.5 em Deep

Fig. 25. Temperature distri-

bution in kerosene a) before

the start of extinction and

b) at the end; extinction
time 180 sec.

) K -Focc . I N -
CG»\;:“CMN t - Male. wom 'Rate o[. Eufmets:: tine,

Toom | ‘ —| o6 | f‘:_; f run-o“ f—— P

| et 'E""‘ :i'&’”‘} C/’“ "“ th - Main | Complete
po1 | 170 | 9 |80 05 | 02 | ~ | 7
POl | 280 98 . { 8,0 0,5 015 | — | 60
. MWP. [ 250 | 40 [ 41! 05 061 | 85 | 108

distribution in the homothermal layer (a submerged hot layer is
formed) . The temperature in this layer gradually falls; the
convection in this layer does not stop during the extinction.
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D
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The cooling would be more rapi. .,  scurse, if there weére no
convections € extinction time increases with the burning
time, because the hot layer besames thicker. The burning
Cteases when the surface temperature is Somewhat above 20°,
whi is well above the flash and ignition points. Much the
same is found for crude petroleun.

4. ‘The extinction i5 associated with pronounced cool=
ing of the top layer, which depresses the vapor pressure; for
example; the vapor pressure of kerosene at 30° is [5] 20-30 mm
Hg and at 50° is 30-40 mm Hg. The foam reduces the vapor

préssure by about a factor 15.

In some cases; the temperature reached is below the igni-
tion teémperature; for example,

e S chemical foam on kerosene produces
x0§5 I | i 37-40°, or on diesel oil L0-70°,
100 e both 6f which are below the ighi-
DU PR T S tion tempeératures. It has been
~ oy ) found [6] that the ignition tempera-
1t ture is decisive to extinction in

other cases also. Othéer foams
produce extinction with surface
temperatures above the ignition
temperature; here the cooling is
5till important, but the retardas
tien of evaporation also plays a
major part. Clearly, the balance
between cooling and retardation
varies, with some part played by
screening from the flame.

0100} —

0:100°}

b A liquid that gives a homo-
 Z,CoM thermal layer is difficult te
, "extinguish, largely because con-
Fig. 26. Temperature in vection brings up the heated layer

benzine during foam extinc- even during the extinction time.
tion: 1) start; 2) after Clearly, a burning liquid would be
60 sec; 3) after 360 sec. much more readily extinguished if

the top layer could first be cooled
in some way.

5. The retardation by foam has been studied [4] in the
laboratory. Two crystallizing dishes 144 mm in diameter and
68 mm high were placed on sensitive laktoratory scales; one was
partly filled with the liquid, and the loss in weight was re-~
corded every 5 min. This gave the rate of free evaporation.
Then the two dishes were filled with foam and the readings were
repeated; the two dishes eliminated any correction for



evaporation of the foam: A special goap foam was used as being

highly stable; a layer © ¢m deep had broken up only partly after

8everal weeks at room temperature. The expéeriment was performed

in a fume cupboard providing a good c¢urrent of air. All tests

j20%

: m

—Tor— i Tyt

t; win t, min

Fig. 27. Evaporation of benzine Fig. 28. Evaporation of ben-
with and without foam. zene with and without foam.

were done at room temperature. Figures 27 and 28 give some
results, in which the éircles denote weight and the crosses tem-
perature of thé liquid. The arrows denote the points when the
foam was applied. The evaporation rate fell at first and then
remained constant until the foam was applied; the foam reduced
the rate greatly and raised the temperature somewhat.

Table 3.3 Table 3.3 gives de-
T T tailed results for ben-
a o (meted Mo b g [AG | AD zene; here M is the

' SR | specific evaporation rate
for the free surface in
g/cm®min, M' is the same
for the covered surface
vy is room temperature,
A¥-is the fall caused by
the evaporation from the
free surface, ¥ is the
same for the covered sur-
face, and h is the depth
of the foam layer (mm).
These results show that
the foam reduces the
rate by a factor of 55 for benzene and by a factor of 150 for
benzine. Similar results were obtained with carbon tetra-
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chloride and toluene.

6s The evaporation of a liquid is a rather complex pro=
cess} sSome insight into it may be gained as followss Let us
suppose that the rate of evaporation in the above experiments was
governea by diffusion through the layer of air in the dish, which
i8 described by an effective diffusion coefficient D', The pro=

ceéss is virtually steady, and the dish was surrounded by an air
current, o we may assumé that the concentration at the upper

edge was zero, that at the surface being c¢_, which corresponds to
the saturation vapor pressure at the te.iperature of the liquid.

Then
A4=:[Y%, (3:30)
"in which h is the distance from the surface to the upper edge:
But
o=t (3431)

in which p is saturation vapor pressure, R is the gas constant,
T i8 absolute temperature, and p is the molecular weight of the
liquid. Thése together give us that

The D' of (3.32) enables us to judge the mechanism of
removal from the free surface. The application to benzene is
as follows. The mean M is 3 x 1072 g/cmasec for h = 5.3 cm;

p for 15° is 60 mm Hg. Then (3.32) gives us that D' = 0.62
cmz/bec- the published-{5] D for benzene in air is 0. 09 cma/seq
and so D' is some seven times D*. Now we turn to the effects
of the foam; here M' was 5.5 x 10=7 g/cmasec, the foam being
5.3 cm deep. We take the concentration at the upger surface as
zero, in which case (3.32) glves us D' as 0.009 cme/sec, which
is only a tenth of D. This D' we denote by D'*. Table 3.4
shows that similar relations apply to other 11qu1ds.

These D' differ from D because there are always air
currents over the free surface, which remove the vapor, while

* The effective D for evaporation from a free surface
will in future be denoted by D".
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the air within the foam is stagnant. This last feature is one
of the factors that reduce the evaporation rate, biit it cannot
be the only one, for then D'* would equal D, wheress in fact it
is much lower. The liquid films in the foam also retard the
diffusion; the D for vapors in liquids are thousands o6f times
smaller than those for

e iable 5ok S air, 80 even thin films
R Ddﬂuwn wedl., um/“‘A . of ligquid retard evapora-
' T D for the liquids of
wfwf i | ) Table 3.‘4» are about
Bewzove . . . .| 0,09 | 0,62 | 0,009 0+1 cm/se¢, whereas
Tolvene. . . & 0,08 | 0,20 | 0,04 those for vapors in
jgm.. o J 0 ;050 | = liqgids ;re (7] around
énsing adv; SPUREE O SR, 10= emé/see. A film
meblle) .« : o 009 02 | 0008 of liguid 60 g taick
' + N would be sifficient to

reduce the evaporation
rate for benzene at 20°
to 5.5 x 10~7 g/cm3sec;
a film 12 u thick would
) A 7 reduce the rate té
9 % 1@“7, and one of only 5 w would be as effective as 5 cm of
stagnant air. Soap films are a few p thick, and there are
several such films on thé route to the surface. This set of
films is responsible for much of the retardation; the greater
the total thickness of these, the smaller M'.

The diffusion coefficients for vapors in liquids increase
rapidly with temperature, being roughly inversely proportional
to the viscosity of the liquid. The visc051ty of water at 100°
is a quarter of that at 20°, so we may expect D'* to vary in the
same way. Even so, the films of liquid in the foam still cause
most of the retardation.

The results for ben21ne may serve to illustrate some con=-
clusions here. The burning rate for large vessels is 4 mm/min;
a layer of foam 5 cm deep and of temperature close to 100°

factor ef 30-#0) But experiment shows that the flame cannot
persist at this evaporatlon rate, 50 the burning ceases. The

if not all the surface 1s covered by the foam.

To Finally, we deal with some otler aspects of the
effects of liquid films. If these form bubbles or a foam,
the trapped air takes no part in the convection, 80 the rate
of removal of vapor 1s much reduced, for the rate of diffusion
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through the liquid is some foupy orders of magnitude lower.

Sometimes a thin film of oneé ligquid on the surface of
another will suppress evaporation more or less complétely. For
example, a layer of 1 mm of 6il on water in a crystallizing dish
allows virtually no evaporation even in a period of two years.
Even the thinnest films retard the evaporation of water very
greatly. FPor example, it has been proposéed to eliminate eva-
poration from reservoirs in Australia in this way, and also to
alter the c¢limate ovéer extensive areas of the world.

These films depress evaporation very greatly, éspecially
if the film material is insoluble, for the concentration of the
main liquid in the bottom part of the film is very low, so the
concentration gradient across the film is also low. But Fick's
law states that the amount diffusing aeréss 1 em in 1 seé is
'proportmonal to D and to the concentration gradient; thus the
loss is very small indeed if D and the gradient are small.

Floating insoluble thin films could be usSed to suppress
evapéfa‘»tib‘n from burning liquids, especially oil products; such
‘films would provide a rapid and reliable meéans of extinétion,
which would solve a very serious problen. We may éxpect that
the problem will be solved in the near future; there are already
indications that thin films of certain fluorine compounds can
depress the evaporation of benzine substantially [8].

Lastly, it has been claimed in the foreign press that an
artificial plastic foam can reduce the evaporation of oil pro-
ducts [9], Standard 0il of Ohio has used hollow spheres (made of
substituted phenols and formaldehyde or furfural) which were
filled with nitrogen and were of mean diameter 30 wu. These
pack with a density of 0.013 g/cm3, and a layer 19-25 mm thick
of these microspheres reduced the evaporation of volatile pro-
ducts on average by 80%. The layer was stable; in two years
of use, the density and mean diameter did not alter. However,
our tests with microspheres have not given the remarkable re-
sults claimed abroad; sometimes they facilitate evaporation
rather than suppress it, for the layer causes the liquid to rise
by capillary action. The sphéres would have to be repellent to
the liquid in order to suppress evaporation.

A layer of micreospheres differs very considerably from an
ordinary foam; it may reduce the evaporation rate by minimizing
the free surface, whereas a foam retards evaporation by virtue
of the slow dlffusion through the walls 6f the bubbles.

196



References

1. Le L. Bogdanov. Mekhanizm ognegasyashchego deistviya peny
(Mechanism of the Extinguishing Action of a Foam). Poz=
harnaya Tekhnlka, No. 5, publ. MKKh RSFSR, 193%8.

‘thzyahchle protsess vygor-
SR (Conditions that Inter-
Report of ENIN, Aca-

3+« V. P: Losev and M. V. Kazakov.
deistviya pen pri goren: Ctepr
(Mechaiiism of the Extingu
ducts Burning in Tanks). Inf
of the Central Institute for F:
MKKh, 1958.

e V. I. Blinov and G. N, Khudyakov.

pla i E_lf_x_]_.ldkowtel Vv rézérvuarakh s
ranlsm of the Extinction of a
Means of Foam). Ibid., 1958,

5« As S. Irisoev. Isgaryaemost' *f*ET*‘:T“%
dvigatelei i metody eye dg

for Piston Engines and Metho
publ.: Gostopizdat, 1955.

6. I. I. Petrov and V. Ch. Reutt.
potukhanaz_ plamen1 nefte dukt
rezervuare (Crltlcal Extlnctlon Cendltlons for an 0il Product
Stlrred 1n a Tank) [ IPO (Bulletln of

3 f@r 011 Pro-
m. sbornik TsNIIPO (Bulletin
re Research), Moscow; publ.

- _oa
pa hch'yu peqz (Mech-
urning in a Tank by

5 of Studying 1t) Moscow;

pedlaefuﬂﬁandbook of‘Physwcal. Chém 1, and Technlcal Qu;n-
tities). Vol. 7, Moscow, publ. @GIA, 1931.

8. Ind. Eng o Ghem\- ’ 66 1954 Pe 17&.

9. L. Gubina. Umenshenie 1sparen1ya nefteproduktov prl

' Epmoshchl iskusstvennoi Eeni’i la ,,'f (Reduction of the
Evaporation of 0il Products by Means of an Artificial Plastic
Foanm) . Tyl i snabzhenie Sovetskoi Armii (Support and
Supplies of the Soviet Army), No. 11, 1955.

197



Extinction of Burning Liquide with Water Sprays

1s Water sprays have long been used to extinguish odil
préducts burning in tanks [1,2]; at the beglnnlng 6f this cen=
tury, Vermigheév campaignhed v1gorously for serious work on the
method and made seéveral attempts to demonstrate by experiment
that the method i& effective with crude o6il. Until recently,
fine water sprays have not been extensively used to extinguish
0il products; the work of the last decade has revealed the
main prinéiples of the method.

~ The major papeérs here are Khudyakov's [3] and Rasbash
end Rogowski's [4]. Khudyakov has used several oil products
in & tank 30 ecn in diam§ter; he finds that sprays consisting

P gycKiain

g25—f

N o0& e ,50_ = 100;1 ,
100 rem : d

Figs: 29. Relation of flow density Fig. 30. Droplet size dis-

to distance from axis of spray for tributiens for the centri-

jets of 4 equal to 1, 2, and 3 mm: fugal sprays; . p: 1) 10 atm;
a) p = 3 atm; b) p = 10 atm. 2) 6 atm; 3) 3 atm.

of large drops do not cool the flame appreciably but do cool the
top layer of liquid. This c¢ooling soon extinguishes heavy oil
products, for the surface temperature falls below the flash
point. Sprays of very small droplets can extinguish light oil
products as-well: 'the spray evaporates in the combustion zone
and lowers the flame temperature; the steam reduces the concen-
trations of oxygen and fuel' [3].

Rasbash and Rogowski also used several liquids in a small
tank; the extinction time was measured as a function of burning

time and of droplet size. They conclude that coarse sprays are
effective for liquids of high boiling point, whereas the
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formation of steam in the flame (rather than cooling of the
liquid) is the significant feature for benzene and other vola-
tile liquids.

Work at the Central Fire Research Institute has shown
that fine water sprays can extinguish benzine burning in tanks
of large diameter [5]. The most detailed study of fine sprays

[6] has recently been supplemented by some work [11] on the
extinction of benzine; the earlier study was concerned with
diesel o0il, kerosene, crude petroleum, and automobile benzine
in tanks of diameters 80, 130, and 260 cm: The water was
sprayed by centrifugal and prieumatic devices; the flow from
any one jJet was small, so sets of jets were used. Each of
centrifugal sprays consisted of 19 jets arranged on a spherical
surface; the diameters d, of the outlets were 1; %1.5, 2, and,

3 mme Use was also made 6f a set of 151 jets each of diameter
1+5 mm« The flow V i& related to the pressure p by

V=AaVp,

in which A is dependent on the size of the spray nozzle, being
-related to d, by

A =017 4%,

The A for the 151=jet device was 2.32 1.cm/sec.kg%. The cone
covered by the sprays had a vertex angle of nearly 180°., Fig=
ure 29 shows the flow density p in g/cmgm;n at 1 m.

The pneumatic sprays were used in sets of seven, with one
in the center and the other six uniformly spaced on a circle.
The droplet size was measured by allewing the spray to fall on
a plate coated with soot; the droplets left tracks, which were
photographed. The diameters d were measured on enlarged
prints [7,8]. TFigure 30 shows the size distributions for
several pressures for the centrifugal system. Nearly all of
the 4 were less than 100 u, and the position of the peak scarcely
varied with pressure. The most probable size was 30 u, and the
mean d was independent of dg, although it did vary with pressure

4$ £9,10]. The pneumatic system did not give such uniform
droplets, and the most probable size fell as the pressure in-
creased, as did the mean d (here denoted by a).

2. The pneumatic sprays were used only with benzine in
the 80 c¢cm tank; the sprays were started when the fuel had been
burning for 2 min. Figure 31 gives the results in terms of
water pressure (abscissa) and air pressure (ordinate); a minus
sign in the circle means that the flame did not go out, and a
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plus that it did. The extinction succeeds if the pressures lie
within the extinection region, which is shown hatched.

, 3. Many tests (more than 100) were done with the centri=
fugal pumps in the 130 and 260 cm tanks. The product was left
to burn for a set time, then the .spray head was inserted. The
flame at first became mich bigger, tien shrank greatly, and fin-
ally either went out or became localized under the spray. The

W71 T Jf

o < | |

20-
U 0 0, &L

Fig. 31. Extinction of benzine Fig. 32. Extinction time as a
by water from pneumatic sprays. fuaction of p for 4 = 260 cm,

dc 3 mm.

temperature was measured at points on the axis and at the wall;
flow measurements were made, and the distance of the spray head
from the surface was recorded, as were the burning and extinc-
tion times. The fuel was supplied continuously to keep the
level ¢onstant in most cases; alternatively, the initial level
was .gset a little high, and the spray was started when the desired
level had been reached. Several different oil products were .
used; the results are given below:

Diesel oil. The extinction time T is related to the
water pressure p, and the fire cannot be extinguished if p is
below a certain limit, as Fig. 32 shows. Here the ordinate is
T', the ratio of T to the T for p = 7 atm.  The signs denote
expermments done under iderntical conditions (gnly p wag varied)

with dc = 3 mme The line corresponds to the formula

pr_ b
=20

200



The llmiting p for dc 3 nm was 2.5 atm (4 atm for
d, = 2 mm; there is a general inverse relation between the two).

The flow V for the limltlng p was 1.06 1/sec for d, = 3 mm and
0.81 1/8e¢ for ds = 2 mm; the smaller flow in the & aond casge

implies that the droplﬂt size is the important quantity, rather
than the flow, for the smaller the droplets the less the limit-
ing V and the smaller the limiting ps Table 3.5 shows that T

falls as V incéreases; this is eéspecially ¢lear for 4 = 260 e
_Table 3.5

doew | do 4 | g min | ohoek | doen [poatm| oy | T,

3 i % | 5 | 7@ | 4|62 | 7z
B 4 2 26 50 | 7 | 4 08 | 4
260 | I 60 % 5 0| 05 | 12
260 8 60 % 5 w21 | 5

Table 3,6 illustrates the effect of droplet size for the

130 ¢m tank; d and T tend to increase together. Further, T

increases with the burning time t and is somewhat deperdent on
the height H of the spray above the surface, as well as on h,
the distance from the surface to the edge of the tank; Table
3.7 gives results for d, =.2 mm and d = 130 cii. The heated
walls play a major part in suppressing the flame, for T de=
&reases as h increases.

The surface temperature at extinction (%) is as follows:
d=130 H=T4 ca : =260 H=15 cm

B atm, L 10 7 4 1 7 4 o 7 10 7 4 7
L seec., . S 5 7 3 4 5 16 29 5 2 37 W
ol,°C. . 138 123 130 87 100 148 29 53 80 42 47 37

d=130 H=5¢ :x d=130 -H=30¢ix
Py atm, . . 4 10:
{,sec . . . - -
. 0.1°C L ’ 37 41

The surface temperature during burning (240° for diesel oil)
falls sharply as soon as the spray is turned on. <+ Wwas well

- above the ignition temperature when T was short but did not

exceed that temperature when T was long; this has an important
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in diesel oil before and during
extinction.

bearing on the mechanism of extinction.

Temperature distribution

{2} 8
& || 26 | 50 |

8 |

Fig. 3k,

Temperature dis-
tribution in kerosene
a) before and b) during

extinection.

Moreover, the surface

temperature during the extinction was somewhat higher at the
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edge than at the center.

Figure 33 shows the temperature aé a function of depth z;
curve a relates to the period before the spray was started, and
eurve b to the start of extinction. The signs denote Several
different runs. Clearly, the onset of extinction affects the

Table 3 8 | ' distribution

. e Substantially;

T A4 ¢ | o o1y P R

de, Wi | gy cu | §; win | @, wtm | V. Ywe | T, vee thesurfacels
| IS SRR AT DI S cooled by the

I i ] | water; but the
6 | 20 | 10 | 60 temperature in-
20 ¢ 1B | 10 ¢reases with

I 5 | 8 | 1 15 depth for a

| w | 2 | 7 } 28 cértain dist=
20 2 7 | ance and is un-
5 | 18 } 4 affected by the
20 f 18 | 4 | 60 water at a

- - O
. s 8 g e

>0

tn o tn o == i
8
&

fi 20 | 1w | o 60 depth of a few
| 10 | 32 | 1o 1, B . centimeters.
d o "5 | 1w 0, 430 The surface tem-
1 20 | 20 | 10 1.3 37 perature ¥ falls
P o Vo | 3 0. continuously

7
o § 2 | 7
20 o2 | 7
20 [ a | 7

% during the ex-
o tinction, while

"% the peak moves
> to larger z.

e L L LA
-
o

D el
a =%
S
R

Kerosene

(flash point
about 40°) Lgave
similar results,
of which we
give here only
those for the

temperature distribution before and during the extinction (Flg.

34) and those for ¥'. Here agaln.a&' is above the flash point
if T is short but is below it if T is long.

Now we turn to the results for automobile benzine, which
gives rise to a homothermal layer. Table 3.8 gives results for
d =130 cmy, h = 35 cm, and H = 56 ecm; these show that T in-
creases with 2, (the depth of the homothermal layer) but de-
creases as V increases. Table 3.9 (for the same dimensions)
shows that T increases with d even though there is some in-
crease in V. Purther, T increases as p decreases, and the
flame cannot be extinguished at all if p is below a certain
limit. It has been found [6,11] that T and the limiting p
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decrease as h increéases. Finally, the flame begins to be
quenched wh n-ﬂ exceeds the flash point, as the following
results show*

¢,°C . 29 3 36 40 43 13 3 16 3 12
T, $ 70 37 30 60 e 40 30 65 25 135

Figure 35 shows the temperature distribution before
(eurve a) and during the extinction; the numbers on the curves
are the times (in sec) from the start of spraying. The water

Table 3 9
d, MK ‘ 2, O i, min 3 ps o 53 vV, 1/$!c i ., M 7, sec
X * . . [N 5 ’{.. . !
i | s | & | 10 0,5 { w | 20
g2 s | 18 f & [ o8 { 8B | 2
1 | 1o -2 | ow | 058 | & | 60
2 10 1w 1 4 | 08 55 | T

cools the entiré heated layer, but the surface is cooled some=
what more rapidly. Tableé 3.10 and Figs. 36 and 37 give results
(12] for tanks 130 cm in diameter; hére 4 is as before, h_ is
the thickness of the cold layer at the start, h' is the thieck-
ness of the hot layer, t is the spraying tlme,-& is the
final temperature, and u is the mean rate of increase in h'.
Figure 36 shows ¥ as a function of time for various depths;

Fig. 37, as a function of depth for various times. The hot
layer is cooled, but the c6ol layer is heated, because the water
carries heat from the hot layer down to the cool one, which in-
creases the thlckness of the hot layer quite rapidly.

It has been found that water sprays can extinguish aute-
mobile and aviation benzines in tanks up to 860 cm in diameter”
the extinction times range from 15 to 30 sec.

The results for crude petroleum are largely the same as
those for benzine.

k, Before we discuss the above results, we must con-
slder some aspects of the behavior of water droplets in flames

* The benzlne may overflow in the process, care must
be taken to keep the level of liquid below the top edge of the
tank,
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.distribution in ben= fadius r whose 1li

and in 6il products. First we con-
8ider the motion.

There have been many studies oén
droplets in erious media, which have
been Surveyed by Leviech {13] and
‘Fuks [14]); some later results [6]
derive from ¢inematographic measure-
ments, which show that droplets 1 :
ing on an immiscible liquid may break
! SN up, in which case complex effects com-
i parable with those at solid sirfaces

| i can occur [8,25,26]: Drops that
o enter the liquid soon attain a steady
8peed; the motion of a drop is more
‘ 1 complex than that of a solid sphere;
UG S S for the shape can altér. Moreover,
100 ,f,”},’ surface-active materials ¢an impede
. " movement in the surface of the drop,
Figs 35. Temperature which then moves as a solid sphere of
,ltmng veloclty v
zine before and during for small Re is given by Stokes's
spraying with water. law as

VT A (3.33)
in which p and p' are the densities of drop and medium respect-
ively; 9 is the ‘viscesity of the medium, and g is the accelera=
tion due to gravity. If, on the other hand, the surface of the
drop is fully mobile, we have that

Table 3.10

8,°C | 8. | by e | A o ly awse] 4, p | tosec | B0C | u s

1 50—100 [ 800 | 70
» 240 | 70
» | 18O | 65
x| 600 | 75
| 200300 - 550 | 70
I » | 200 | 52
» | 160 | 60

32 | 120 { 3
46 | 130 | 40
50 | 120 | 40
48 | 140 | 40
3. | 110 i 40
25 | 8 | 35
g j Mo} 40 - f

N = DO N O
.
Q1S NN OO

—~0 0D —~0Q |
o vio ot
-

-

g8y |
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(3.34)

in which n' is the viscosity of the drop; (3.34) becomes (3+33)
if #' =o. The latter formula gives the higher v, but both are
in close agreeifient with experiment if Re &< 1. The two are
applicable to droplets in flames and oil products provided that
the diameter does not exceed 150 g, which is so for almest all
the droplets produced by the above devices.

l”',c‘ e e e — e SR susemme

120 et

e

Fig. 36. Temperature as a Fig. 37. Temperature as a

function of time for various function of depth for various

depths in benzine sprayed times during the spraying of
with water. benzine with water.

of course, impure water is used on fires, so Stokes's
formula should be used.

5. Consider now the temperature of a drop falling

through a flame; the drop is heated and starts to evaporate.
In the nearly steady state, the influx of heat q is balanced
by evaporation:

g=tnrta (b —9) = D= dwrteer (@ — ) (3.35)
in which a and a are the coefficients of heat and mass transfer
respectively, <% and ' are the temperatures of medium and drop,
T and T, are the vapor pressure of water in the flame and the
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saturation vapor pressutre at temperature 4", ¢* is the latent
heat of evaporation, and m is the mass of the drop.

It is found (13,15-18] that
) 4 = ao(p(f. 0) o O = o @ (., o) (3.36)

in which a, and @, are independent of r and v; then (3.35) and
- (3+36) give us tha%

& =8 =g’ —n). (3.37)

This B is also independent of r and v.

Formula (3.37) has long been used for determining atmos-
pheric humidity by reference to wet- and dry-bulb thermometers
f243; it implies that ¥ is a function of <% and T but not of ¥
.and V. Fedoseev and Polishchuk [19] have shown that (3.37) is
applicable to drops in gases heated to 700°. The following
results are for ¥ = 12 mm Hg; they derive from (3.37) and the
paper quoted:

0.°C 400 500 600 700 800 900 1000 1100
#.%C €& T 7 185 8 8 8835 9i

Of course, <¥' alters if wchanges: Thesé figures indicate that
the droplets reaching the hot oil produc¢t Should have tempera=
tures not exceeding 90°,

Now we turn to the heating and evaporation in the flame.
Let ¢ be the specific heat of the drop, whose initial tempera-
ture and radius are -} and r_; -let T and % be the times of
heating and evaporation. Further, let 19 Xy m, apd Y be res-
pectively the temperature, thermal conduct iv1ty, viscosity, and
kinematic viscosity of the gases in the flame, t being time.
If we assume that the drop is heated but does not evaporate, we
have that

4

5 nrooc = 4nrox (0p — 0)

But and ¢ are unity for water, and «ﬂ¢>>4r, 80 the integral
of the equation for time 7 is
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R . d. 2R
T3 T e e (3:38)

Next, the evaporatlon time for a drop of temperatureq9
is given by

G =W (3.39)

in which a is a function of v and r. Sokol'skii and Timofeeva
£16] give that

Xk
2a s o
r( 40,08 Re'). (3.40)

If now v is given by Stokes's law, and if r « 100 p,; we have
0.08Re << 1, 80 & = A/r. The integral of (3.39) is then

i?, 3

0 (3.42)

But (3.42) implies that'ﬁ/f is independent of r; this is
readily shown to be so if v is not governed by Stokes's law but
0.08Re << 1. Now c* is 540 cal/g; if ¥ - 1i - 60°, then
A = 13.5.

This justifies us in assuming (as is usual) that the eva-
poration takes place in two stages; first the drop is heated
(evaporatlon being negligible), and then the drop evaporates at
constant temperature.

* We may also determine % and ¢ approximately by means of
(3.38) and (3.41). We put ~dpas 1000° and A} as 60°, with A ¢
as the value for air at the appropriate temperature 2
(2 x 10'“ cal/cm.sec.deg for 1000%), Then 7' = 1350r and
= 100r2_ if 2:0 0.01 em = 100 u, ¥ = 2.5 msec, ¢“ = 34 msec,

and Y+ ~' = 36 msec.

We can find € in another way. The apparatus with 19
jets each with d, = 3 mm had a V of 2.1 1/sec at 10 atm; the
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jets emerged at 16 m/sec. We assume that the droplets move
with this speed; then & = A(1 # 12r Y/ . IfF = 50 n,

a = 1.35 /¥_, in which case ¥ and 7' +Ocoms out as 1. 35 times the
values g;ven above. Stokes s formula gives the v for

¥ = 0.005 ¢m as about 10 cm/sec¢, &6 a change in v from 10 to
1600 ¢m/sec alters .and X by only a factor 1.35. But 16 m/sec
must be much more than the + = speed of a drop, and the above
r. is the maximum used in the experiments, so the true « and k2
must be very close to those given by (3.38) and (3:41) with

& = %/ro.

Although ¥ and ' vary little with v within the above
limits, the times t spent in the flame do vary greatly, for
t =-h/v, h being the distance from jet to llquid. For example,
= 63 mee¢ if h = 100 cm and v = 16 m/sec; t = 10 seec if the
steady-state v is used and P, = : 50 py OF 2.5 sec if r_ = 100 &

(both for h = 100 c¢m). A drop with r, = 50 u would evaporate

completely even for v = 16 m/sec, whereas one with r, = 100 u
would evaporate partly at 16 m/sec¢ but cofipletely at the steady-
state speed; the life of a drop i a function of v and 7.

'Large drops pass through the flame and reach the surface, thé

flame tempgrature falls.

: These results show that most of the drops evaporate
before they reach the liquid, but that the proportion surviving
increases as the flame cools: That proportioén is clearly
dependent also on h.

7. Consider now the drops that do reach the liquid.
These soon reach a Steady Speed, which is given by Stokes's law
if r is small. The solubility of water in oil products is very
low, so r may be taken as constant. (The drops are merely
heated.) Let us suppose that the top layer is a homothermal
layer of temperature % and that this layer is free from con-
vection. The heat received in time dt is

dq = 4na (8, —8) df = x40,

The integral to this, with z = vt and ¥ = -90 at z = 0 is

Formula (3.43) shows that - increases rapidly at first,
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until -}, is approached, the rate of approach increasing with B
The heat transfer factor a determines §; it is given by (3.40),
but the second term on the right in (3.40) is small relative to
the first if r < 100 4, and so we have that

X
r

in which p is the density of watef,,ﬁ'is the density of the oil -
product and‘nf is the viscosity.

(3:43) and (344) show that the distance needed to attain
the temperature -J. increases very rapidly with r, as does the
thickness of the ifyer‘sa ¢o6oleds For example, a drop with
¥ = 100 p attains the temperature of benzine within %1 cm, where=
as one with r = 50 1 does the same in a few mm.

The heated dropsthen enter a layér having the initial
temperature of the liquidj here they are cooled in accordance
with .

which is comparable with (3.43). The temperature of the layer
will become uniform if convection is present.

Consider now the temperature of a drop entering an oil
product whose temperature is given by

605::00_ = e-h, (3.45)

(this applies for diesel oil; kerosene, solar oil, and certain
other products). Now

.

dnrta (0 9) df = Far df,

80
d% =B (0 —9)dz,

and the problem is that of solving
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L pOs— e 4 B @, — ).

We introduce a new variable y defined by
Og— B = ye—*r.
Transferring from <} to y, we have

W= Bty =00 +(k—B) 4.

s 5.0 = 10,0 ’.‘:J’:;;: ;."f'.‘.,,“.'_”{ B e |

10 10,0

Fig. 38, Temperature as a functlon of distance from the
surface for a drop moving in an oil product; a) ¢ and ¢
as functions of z for B of 1) 0.25; 2) 1.0; 3) 2.0;
4) ¢ = £(z) for k = 0.5; b) temperature as a function
"of z for 90 of 1) 0, 2) %, 3) 1. (B = 1.0, k = 0.5).

The integral of this is

-kz Be"ﬂ

O — €
0= 0—p ge

in which B is a constant of integration. But. 19: "96 at 2z = 0
and ¥ = 0, at z = w0, 80 ;

& —00 L Az __ A Bo— 0O —pz, '3 46
95_6‘;* E B(e e~k )_1.. ;—-Qge P ' (3 46)
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Consider the particular case O = 1%j‘ Then

O =00 _ 4 B ~kzy,
: gletr—ee)

e

Figure 38 shows the relation of i¥to z in terms of ¢ and ¢.

o= 8,
b= 0, =05 ¥ ¥ 05—0q"
The curves have been constructed on the assumption that k =
,Qi5w¢m91"wich p of 0.25; 1.0, an&‘ésa'cm‘T (p decreases as r
increases). ‘The curved show that the temper&tufe‘ﬁiz) passes

100 200 300 - 400  500° 1000
05 0§ v

Fig: 39. Evaporation time as Fig. 40, Heat flux density
a function of surface tempera= from heated wall to drop.
ture for drops on a solid.

through a maximum if (3.40) defines the temperature of the oil;
the position z_ of this maximum is dependent on r for a given k,
for z increases with r. For example, B = 2 if z = 1 and
k = 0025 em~1; (3.46) then gives r = 200 u, ;

Figure 38b shows that the shape of ¢/(z) is governed by
<&, for the peak rises and moves to the left as /- increases.
Flgure 38 indicates that the water cools the top Payer and
warms the lower layers; the precise effect is dependent on F,

but, in any case, the result is not the same as that of stirring
the liquid.

8. Some of the spray falls on the hot wall, so we must
examine the effects there.

1he evaporation time % for a drop on a s0lid is dependent



on the surface temperature & [20,21], a8 Fig. 39 shows for
drops of water of radius 2. 3 me [20]. At first # falls as O,
increaseés, but a maximum is reached at 2Wo°. This behavior is
a result of the spheroidal state, which occurs when e. éxceeds
some critical value &, which is well above the boiling point
(Rebinder and Pletnevd find that this state occurs with water
when € 2 250°). This & is independent of r. In this state
the drop is separated from the surface by a thin layer of vapor,
which impedes the transfer of heat.

_ Figure 40 [20] shows the relation of the heat flux o to
the temiperature difference €, -V Branch a corresponds to
b0111ng in which distinct bu bies of vapor are formed° this lB

mugp lower. The follow1ng experlment 1llustrates the 1nter-'
gction‘bétWéen a water_apray apd grheated qal;. A thick brass
dis¢ was fixed to an electric¢ hotplaté, and the téemperature was

" brought to the desired value. The dis¢ was then exposeéd to a

spray from a miniature centrifugal sprayer. Photographs showed
that drops falling on the unheated disc did not evaporate; some
rebounded, but the surface became very wet., Steain was pro=

" duced vigerously at 110°, and the amount increased up to 250°

but further increéase produced less stea. Similar results were
obtained with single drops falllng on a horizontal disé; at
room temperature they broke up and wetted the disc, whereas at
hlgher temperatures they 8till broke up; but the disc rapidly
dried off. No wet spots were observable at 210°, and the drops
did not wet the dis¢ at all at about 250°. At 315° and above,
the droplets produced by fragmentation bounced over and off the
surface; very small ones evaporated.

These observations are in accordance with the general
trends described above; the process as a whole is complex.

9. The above results and deductions give us a fairly
complete picture of the mechanism whereby a water spray extin-
guishes a burning liquid.

The burning ceases sometimes (always, for volatile
liquids) when the surface temperature is well above the ignition
temperature; this shows that processes in the flame are mainly
responsible, not the effects on the llquld. Cooling of the
surface plays the main part only when the surface temperature
approaches the ignition temperature.

The processes in the flame are as follows. Droplets
less than 100 1 in size (the vast majority of all droplets from
the sprayers) evaporate completely in the flame if the path
from sprayer to surface is reasonably long; 1larger drops eva-
porate only partly. This evaporation produces much steam in
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the flame, which is cooled and ~"luted; moreover, the steam
tends to prevent the air from reaching the surface. Very rapid
evaporation may cool and disrupt the flame &so greatly that it

¢an no longer persist; the steam and vapor; together with some
air, form a rapidly moving flow, whose speed is partly the result

of the low density of steam (less than that of air by a factor

1.7)s« This flow makes the ° >me much taller; the effect is
always observed at the start of extinction. The flame soon
shiinks and vanishes if steam is formed sufficiently rapidly.

& sufficient inflow of wate: .pray will extinguish even a very

volatile ligquid. No standard method is as powerful and flex=

ible a& this; even better results might be obtained if the water
.were mixed with some very volatile but incombustible liquid, as

Petrov and Teygan [28] have recently shown.

The larger drops evaporate in part during the initial
phase; the residual parts of them cool jthé liquid somewhat and

.80 depress the evaporation, but the effect is comparatively

minor.

9. If the flow of spray i& insufficient to put the flame
out rapldly, the burning is at first only heavily depressed; the
réesult is that the lower temperature allows more drops to enter
the liquid, which is thereby coéled, so the evaporation rate
falls. The flame becomes still caolér, even more drops enter
the liquid, and so 6n. The flame
the- continuing flow of water ¢ools the llquld further, and even-
tually the flame is extinguished entirely.

Figure 38 illustrates the effects of the water on the
temperature distribution in the liquids Of course, the flame
is extinguished in this casé only when GE falls below the igni-
tion temperature, so this method takes longer than the previous
one; moreover, it can work only for liquids of high ignition
temperature, not for volat ile ones. Here the evaporation in
the flame plays a vital part. The flame is usually located

under the spray after the initial period.

A poorly dispersed flow of inadequate density does not,
in general, produce extinction.

10, A major part may be played by the steam formed at
the heated wall, which may be at over 700° near the top, so the
heat flow to the spray may be high. There can be no vigorous
production of steam in this way if the liquid level is high,
for the area is small and the temperature is low. Conditions
are more favorable if the level is low; the flame is extin-
guished more readily and more rapidly. Of course, steam may
be formed also at the surface of the liquid, if the drops of
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water remain there.

4 These observations elucidate all the trends that have
been reported in extinction studies. Some furthér trends
deducible from the experiments are as follows.

) The extinction time T i8 a function of H (the distance
from sprayer to surface); the flameé is not extinguished even
when the water pressure p is high if H is small. For example,
a p of 10 atm did not give extinction in one case, whereas much
lower p did give extinction under othér conditions. The rea-
son was undoubtedly that the path was short and, moreover, only
the ¢entral part of the tank was vigorously sprayed because H
was small; the cooling at the edges was slight, and no steam
was formed at the walls, 86 the flame did not go out. Agaln,
the extinction was not so rapid for distances in excess of the
optimum H,; beécause part of the spray nissed the burning area

_or was carried off by the wind.

Sometimes the burning did not stop although the surface
temperature at the axis was below the flash point,; becausé the
edges are always hotter than the center. <Clearly, here the

‘edge temperature was too high and the spray density was too low.

This illustrates the importance of the distribution of the
8pray, which is dependent on the design of sprayer; on the
pressure, and on the position of the s&prayer.

It is sometimes claimed that dieésel oil and kerosene are
better extinguished by coarse sprays, but our results do not
confirm this, for the method is particularly effective at the
higher pressures, which give fine sprays in sufficient volume.
These fine sprays give rise to much steam, and the flame soon
goes out; steam is not produced so vigorously if the drops are
large, the process takes longer, and the cooling of the liquid
becomes important.

1. Crude petroleum and benzine give rise to a homo-
thermal layer, which steadily becomes deeper. This layer is
the scene of vigorous turbulence. The temperature of this
layer falls when the flame begins to be extinguished, and its
thickness is increased by the stirring produced by the water.
The convection dies away only towards the end of the extinctiony
it is a major impediment to the process.

Any measure that would suppress the development of this
layer would assist the process; the layer does not develop
{11,22,23] if the wall is cooled with water [11, 23]. The pro-
cess may be accelerated by cooling the part of the wall below
the surface of the liquid; cooling above the surface depresses
the production of steam and so retards the process.
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12. Experience shows that burning benzine can be
extinguished with water sprayed pneumatically, but the pressures -
must lie within the extinétion regian@ Clearly; the need here
is for an adequate amount of water in the form of a fine spray.
Moreover, the air injected into the flame has an adverse effect.
Extinction does not occur at low water flows, for the burning
i8 not sufficiently depressed; moreéver, low water pressures
give coarse sprays, which are ineffective. for they do not pro-
.duce steam rapidly.
extinction does not occur, for the air increases the combustlah
density and the rate of evaporation of the fuel. Here the air
acts much as does the wind, in that it stimulates the flame.
This means that pneumatic sprayers; whi¢h in any case demand
special equipment for supplying the air, should not be used
(apart from for c¢ertain special purposes) .

Combined Extinction of 0il Products Burning in Tanks

We havé seen above that a foam first cools the surface
(and is thereby partly destroyed) and then covers the surface
with a blanket that largely supprésses evaporation. The cool=
ing action may be insufficient, and thé foam may be rapidly
destroyed, if the liquid has been burning for a long time.

A foam is far more effective if the surface is first
cooled in some way; this means that several combined methods
are. possible (e, 27-29], and these have been studied by Petrov
and Tsygan (3, 28] and by Petrov et al [12]. We consider here
some of the results given in [28], which relate to benzine burn-
ing in a tank 130 cm in diameter; the fuel was first cooled
with water sprayed from a special rotating sprayer and then was
treated with foam:

the tank,

h‘.ﬂt;b L. mn w,\uu A vV ,:(/s,a:.-;:'?t".,‘ , min ‘ V.'i Ysac- T, min | Rasule
40 47 400 - I - 0,32 B +
40 45 400 2.1 7 0,32 10l +

50 | 48 400 - - 0.5 -] =
50 140 400 2,1 2 05 | L2| +

Here h is the distance from the surface to the edge of

t is burning time, z

is the depth of the homothermal

layer before the water was app. ied, V is the flow of water, ¢
is the duration of the water spray, V' is the flow rate of the”
foam, and T is the extinction time for the foam. This
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preliminary cooling reduced T substantially and gave extinction
when the foam alone was unable to do this.

In certain caseés burning benzine or petroleum was stirred
with an air jet before treatient with foam; this again was more
éffective than foam alone. JCiirring is reasonably effective, of
course, when the fuel has not become heated throughout most of
its depth.

To conclude, we ma, _.int out that diffusion burning of
liquids in tanks has been studied for only two decades, but that
mich experimental evidence has been accumilated. This évidence
desionstrates a number 6f important principles and gives us a
reasonably ¢lear picture of the procésses of ignition, burning,
and extinction. Aii fhe same, 1t must be cOnsidered as Only

processes.
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