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ABSTRACT.

To assess the hazards involved in the handling of ethylene
oxide vapour in plant where a source of ignition may exist, an investigat--
ion has been made of the explosive decomposition of this material at
tenperatures in the range 20° to 100°C and pressures up to 135 PSIA.
Anslysis of the products of decomposition showed that the formation of
ethylene is favoured at low initial pressures whereas ttet of methane
is favoured at higher pressures. The maximum explosion pressure developed
during the decomposition explosion is influenced greatly by the rate of
heat loss from the flame to the vessel wall; +this is especially so with
explosions at low initial pressures in vessels of large surface area to
volume ratios. At an initial vapour temperature of 10000, thermochemical
calculations irdicate that the ratio of the maximum explosion pressure to
the initial pressure should not exceed ten at high initial pressures in
vessels of large volume to surface area ratio., The decomposition explosion
is capubie of suppression by inert diluents and the use of nitrogen; in
this connection, was studied in detail. The results indgicate that previouvs
work is in error and revised date for the safe handling of the vapour are
presented. The effect of other diluents such as steam, carbon dioxide,
metharol, ammonia and propylene oxide was also investigated. Steam,

carbon dioxide and ammonia act as ineri diiuents, whereas meth.nol and
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propylene oxide are chemically active in the decomposition flame. The
effect of pressure on the burning velocities of the ethylene oxide
decomposition flame were estimateland a mechanism for the deccmposition

reaction is proposed.
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HOMENCLATURE,

Principal symbols used.

Arrhenius constant

Initial reactant concentration

Specific heat at constant pressure
Molar specific heat at constant pressure
Specific heat at constant volume

Molar specific hect at constant volume

jth species

Diffusion coelficient of
Diameter of vessel
Activation energy

Heat transfer coefficient

Envhalpy

Heat of combustion at constant pressure

Heat of decomposition at constant pressure

st
Reaction rate constant, 1 order
Length of vessel
tolecular weight

Fumber of molecules per co.

Mole fraction of reactant in initial mixture

Mole fiaction of oxygen in initial mixiure

g/cc
cals/g/°K

cals/mole °x

cals/g/ K
cals/mole/OK
e’/ s

ins. or cme,
cals/mole
cals/s/cm2
cal/mole
cals/mole
cals/mole
sml

ins. or cms.



Total number of moles at eguilibrium condition
Total nuwber of moles of initial ethylene oxide
Total number of moles of final products

Number of moles of jth species

Pressure atm,
Pressure drop due to heat loss - PSI
Maximum explosion pressure PSIA

Maximum explosion pressure for 100% decomposition

Maximum explosion pressure for 100% decomposition

with no heat loss
Final pressure PSIA
TFinal pressure for 100% decomposition PSTA
Total final pressure PSIA
Initial pressure of ethylene oxide PSIA
T'otal initial pressure PSIA
Heat loss per secornd cals/s
Heat of reaction of 1 gn of initial mixture cals/g

Gas constant

Surface area cm?
Burning Velocity cm/s
time s
Adiabatic equilibriunm flame teinperatiurc g
Limit flame Temperature ox

PSTA

PSTA



Mean maximum explosion temperature
Initial temperature
Heat of decomposition at constant volume

Internal energy of jth

species

Heat of dissociation

Volume of vessel

rate of chemical reactions

i{olar Ratio of diluent to ethylene oxide,
or dimensionless concentration

Fraction of ethylene oxide decomposed

Dimensionless temperature

Thermal conductivity

Deusity

viscoaity

Heat logs fraction.

w:

°x

°K
cals/mole
cals/mole
cal/mole
cm?

gm/cc/s

cals/s/oK/cm.

g/ce

poises



CHAPTER T

INTRODUCTION.

Ethylene oxide first assumed some commercial importance as a
fumigant for the control of insect pests in foodstuffs. However, during
the last twenty years, its:widespread use as a chemical intermediate has
raised its status to that of a 'heavy' organic chemical. It has been
reported (64), in recent years, that its production in the United States
has exceeded 1300 million pounds per amnum; in 1960, it was estimated
that the production capacity in the United Kingdom exceeded 100 million
pounds per annum.

At atmospheric pressure all mixtures of ethylene oxide in air
containing more than 5% ethylene cxide are capable of being ignited.
Following the occurrence of several explosions during fumigation,
consideration was given some years ago to reducing the flammability of
ethylene oxide in air. The effect of carbon dioxide on the limits of
its flammability in air was studied by several investigators,(27’28’29)
which concluded that all possible mixtures of ethylene oxide in air can
be made non-flammable at atmospheric temperature amd pressure by adding

at least T7.15 volumes of carbon dioxide to each volume of ethylene oxide

present.



Ethylene oxide can undergo explosive decomposition in the
absence of air and this leads to explosion hazards in chemical plants.
The use of an inert gas to maintain a non-explosive vapour mixture is
the only reliable method to obviate the hazard and one of the primary
objects of this investigation was to study the amount of inert diluent
required to suppress the explosive decomposition of gthylene oxide vapour
under various conditions of temperature and pressure. Diluent gases such
as nitrogen, carbon dioxide, steam; methanol, ammonia and propylene oxide
were used in this investigation because of their widespread use in the
chemical industry. For example, ethylene oxide/water, ethylene oxide/
methanol, ethylene oxide/ammonia and ethylene oxide/propylene oxide
mixtures are employed for the manufacture of glycols, glycol ethers,
ethanolamines and epoxy-polymers respectively. The flammability limits
for ethylene oxide/steam mixtures are also important in assessing the
hazards that may be involved in the mamufacture of ethylene oxide by the
direct oxidation process, since steam is used in the separation and
purification units. Data for nitrogen and carbon dioxide are of
importance in reducing the hazards involved in the storage of ethylene
oxide.

The second object of this investigation was to measure the
rate of pressure rise und the maximum expiosion pressure developed
during an ethylene oxide decomposition explosion. This informstion is
needed to facilitate the safe design of plant and explosion relief

equipment,



The third object of .this investigation was to analyse the
producis of the decomposition reaction and to measure the burning
velocity of the deccmpositvion flame under various pressure corditzons
in order to obtain information about the mechanism and kinetics of the

reaction.



CHAPTER II.

REVIEV OF _PREVIOUS VWORK.

IT A, Thermal decomposition of ethylene oxide vapour.
II A(1) Low temperature range (380 - 450° C).

The homogeneous, non-explosive thermal decomposition of
ethylene oxide vapour in the temperature range 580 - 450° C has been
studied by a number of investigators. (5-10) From measurements of the
rates of pressure increase during decomposition at different initial
pressures, the reaction appears to be approximately first order at
initial pressures greater than 250 m.m Hg. (5-10) Fur thermore, the
rates of decomposition and the apparent activation energy of the overall
reaction determined by infra-red spectroscopy (11) and those determined
by pressure measurements are in good agreement. The activation energies
reported (5“10) varied from 52 to 53 kcals per mole of ethylene oxide
decomposed. However, rather conflicting conclusious were drawn as to
the nature of the decomposition mechanism.

Tn 1929, Heckert and Maok, (9) proposed that since the
isomerisation of ethylene oxide to acetaldehyde is exothermic to the
extent of 23 kcals per mole and the activation energy is 52 kecals per
mole, an vxcived gpecies (CHB.CHO) ¥ naving an excess encrgy of 75 kcals
per mole was produced during the decomposition. Since the first order
rate constant for the pyrolysis of acetaldehydes was known to give an

activation energy of 46 kcals per mole, it was concluded that the
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excited species (CHz-CHO) * splits directly into the final products
CH4, co, 32H6 and Hy, although some collisional guenching will also occcur.
The proposed mechanism for the decomposition was
e CH4 + CO
CoHg0 —3 (CHz-CHO) * ~s o N 11 (1)
oHg + CoO + 3 Hy
Fletcher and Rollefson (7) dismissed Heckert and Mack's
conclusion on the grounds that acetaldehyde could not split directly
to methane and carbon moroxide and they postulated that although the
main reaction of ethylene oxide when heated to 410° C was isomerisation

to acetaldehyde, free radicals were also formed simultaneously which

decomposed the acetaldehyde by the following chain mechanism:-

CoHfO =3 H-CHO + Uy 1T (2)
CoHyO ~—>  CHz*CHO 1T (3)
:CHy + CpH4O0 --> 2 CHz + CO II (4)
CH3 + CE3CHO —> CH, + (’JH3 + CO II (5)
2 CH3 + (M) > CgHg + (i) I (6)

The authors did not express an opinion as to whether the acetaldehyde
formed by equation IT (3) was in an excited state.

More recently, the decomposition has been studied by lueller
ad Walters (9, 10) in greater detail. Whereas previous investigators
relied on the changes in pressure to indicate the extent of the
decomposition, these workers carried out an analysis for ethylene oxide
at all stages of the reaction and tms were able to base their results on

the actual rate of disappearance of ethylene oxide. The reaction was stuvdie
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between 350 - 440° C and from 180 - 440 r.m Heg pressure. The firet crder
rate constant was expressed as

7. =15x10 13 o 9TORT gl 17 (7)
They also studied the rate of the decomposition in the presence of mercury
dimethyl, Hg(CH3)2, and propylene. The mercury dimethyl was fourd to
inecrease the reaction rate slightly, indicating the susceptibility cf the
ethylene oxide to free radical attack. Propylene was found to inhibit the
decompcsition reaction which showed that free radicals were produced during
the reaction. The most interesting aspect of their work was that propylene
was found to inhibitcarbon monoxide but increase acetaldehyde formaticn.
Also, mercury dimethyl was found to enhance ketene formation whereas
propylene inhibited it. From these findings, Mueller and Walters (9 10)
ooncluded that the major part of the reaction proceeds through the formatron

of CH,*CHO which undergoes chain sensitised decompcsition as in equation

3
IT (5). Althrugh, ethylene oxide will give ketene when attacked by methyil
redicals, no ketene was detected with a mixture of acetaldehyde and mercury

dimethyl. Hence, the authors concluded that ketene does not arise from the

radical sensitised decomposition of acetaldehyds and proposed the following

mechanisms: -
R | TT ( \
CH3 + 02H4O ; uH4 + 621{50 I1 {8)
e CH2 =00 + H
CZH30 n 11 (9)

= RH + CH2 = GO



These suthcrs doubted that reaction IT (2) suggested by Fletcher and
Rollefson (7) was the main initiation reaction for the following reasons.
Firstly, because forme.ldehyde was found only in minute guantities and
secondly because the addition of propylene had no effect on the
formaldehyde formation. They believed that the primary process responsible
for the production of most of the free radicals in the decomposition of
ethylene oxide was as follows:-

CoHyO -—> (Intermediate) —-> 6H3 +H0  II (10)
However, Mueller and Walters (9 10) did noi specify the nature of the
intermediate compound or whether the acetaidehyde came from the quenching
of an uxcited species, (CH3-CHO)x or directly from the isomerisation of
ethylene oxide. In fact, their work merely indicated some of the impostant
reactions such as those given by equations II (5), II (8), II (9) which
take part in the decomposition mechanism of ethylene oxide,

In a recent theoretical treatment of the pyrolysis of ethylene
oxide vapour, Benson (12) proposed that the ethylene oxide mclecule is
initially isomeriscd to an excited (CH3~CH0)?’E molecule which may be
guenched to give acetaldehyde or decomposed to give free radicals. He
estimated the isomerisation rate by similarity with the cyclopropane
system as

i o= 10145 107572 geol  r (11)
where 3 = 4.575 T kcal/mole. This compares well with the first order rate

10)

4
constant reported by Mueller and Walters \9 and is given by equetion
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I (12) for the pyrolysis of ethylene oxide in the presence of propyleae
in such gquantity that further addition will not reduce the decomposition
rate.

2. =101434 10°5T-4f IT (12)
Benson also compared the half life of the excited (CH3-L'}H0)"'E molecule with
the time of collision betwen an excited (CH3-CHO)* molecule and an ethylene
oxide molecule and concluded that at pressures above 5 atmosphere and at e
temperature of 450° C, mo3t of the (c;H3-t:Ho)’E will be quenched to give
acetaldehyde. This conclusion is in accord with the original suggestion by
Heckert and Mack (5) except that these authors put forward an incorrect
mecharism for the subsequent decomposition of acetaldehyde. The detection @
acetaidehyde by Mueller and Walters (9,10) together with their suggestion
that the acetaldehyde also undergoes chain sensitised decomposition further
supports Benson's conclusion that most of the excited (CH3'CHO)x molecules
are quenched.,
II A (2) Higher temperature range (900 - 1300°K).

Only two investigations have been carried out to study the

decomposition of ethylene oxide in the temperature range 900 - 1300° K.

(13)

Crocco, Glassman, Smith y employed a flow reactor in which the
temperature profile in the exhaust were used as a measure of the extent of
the reaction. They worked at atmospheric pressure with a carrier gas
{argon, nitrogen or carbon dioxide) containing 2 - 10% by volume of ethylene

oxide, The isomerisation of ethylene oxide to acetaldehyde liberates 28

kcal per mole while the pyrolysis of acetaldehyde to methane and carben
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monoxid» only literates 4.5 kecals per mole. Thus the main increase in
temperatuce occurs as a result of the isomerisation process. They
observed that the different inert carrier gases employed had no ersfect ou

the reaction rate and rcported a first order rate constant

= 1011 1042/  geol IT (13)

(13)

The activation enexrgy of 42 kcal/mole obtained by Crocco et al is lovr

compared to the value of 52,7 kcals per mole obtained by Mueller and

(9,10)

Walters at o lower temperature of 440° ¢, The crudeness of the
method for the rate measurement employed by Croccc ¢t al probably accounts
for the descrepancy in these values.

Lossing, Ingold and Tickner (14), carried out experiments in a
similar Semperature range but at a much lower pressure. Helium gas at
about 10 - 15 m.m, Hg. pressure containing 0+ 1% by volume of ethylene oxide
was allowed to diffuse from the reactor, through a small hole into an
jonisatioi. chamber of a mass snectroscope where the mass and concentratiocn
of the redicals and molecules were measured directly. They reported that
the ethylene oxide decomposition rate under these conditions is a first
order rate process with an activation energy of 42 kcals per mole.

#.21099 10782 sl 1T (14)
Again, the activation energy is low compared uo the lower temperature
experiments of Mueller and Walters (9’10). In a digcussion of this work,
Polanyi (15) suggested that the presence of a non~uniform temperature

distribution in the reactor could account for the discrepancy in thes rate

measurements. However, one of the most interesting aspects of Jossing's



work was that 0:6 moles of 6H3 was produced per mole of ethylene oxide
decomposed. This is the only investigation which has provided direct
evidence of the presence of methyl redicals. No evidence was fount¢ for
the presence of :CHp, H, H'CHO’62330 or CHB'CHO, presumably either these
substances were present in minute quantities oxr had too short a 1life for
detection. Thus it was concluded that methyl radicals played an importund
role in the high temperature decomposition mechanism of ethylene oxid=.

(-] !\1\'&\1\‘ -] S‘
It is concluded that the values for the ratelthermal decomposition

e

of ethylene oxide vapour at temperatures in the range 900° - 1300° X are
unreliable., The low temperature kinetic datum of Mueller and Walters (9,30)
for the thermal decomposition of ethylene oxide is thought to be most relilab’
and is assumed to be valid for the high temperature conditions. The first
order rate constant is given as

-52,700
RT sec "% 1T (7)

Ao= 1-5 x 1015 e
As far as the deccmposition mechanism is concerned; it is apparent that vhe
thermal decomposition is a unimolecular procesz which proceeds via
isomerisa%ion to form an excited (Cl"IyCHO)}E species. The excess energy ina
the excited molecule is given by the sum of the heat of isomerisation,
28 kcals/mole, and the activation energy, 52.7 kcal/mole. This oxcess
energy which is about 3 kcal/mole greater than that of the ¢-¢ bond L.
CH3°CHO which will cause the (CHB'CHO)K to decompose to give methyl and
formyl radicals; some collision quenching will also occur to give

acetaldehyde. Free radical mechanisms of the type given by equationa

II (5), II (6), II (8), II (9) and II (10) will then occur.
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IT B lLvplosive d=composition of pure ethylene oxide vapcur.

In 1949, Burden and Burgoyne (6) carried out an investiszation
on the explosive decouposition of ethylene oxide in a closed iube &t «
temperature of 18° C and found all mixtures containing more than 3¢6%
ethylene oxide, as well as ethylene oxide itself, were combustible when
ignited by & high temperature point source. At concentrations greater than
70% ethylene oxide in air, the colour of the flame changed from being
luminous to that of pale Llue which was invisible in daylight. They
goncluded lLhat the explosive decomposition of pure ethylene oxide vapour
plays an important role in rich mixture flames. In fact Burden and
Burgoy.ae (16) were the first to demonstrate that the decomposition flame
could propagate through pure ethylene oxide vapour. However, since downe-
ward propagation in a vertical tube was not found to be feasible it is
apparent tlat the propagation of the decomposition flame is only marginaily
possible. They postulaited the overall reactions for the explosive

decomposition of ethylene oxide vapour as:-

CpHy0 ~—— €O +CHy 4 H = -32-0 keal/mole II (15)
CoHy0 —— €O + % CpHy + Hy » H = -8+0 keal/mole II (16)
CoHg0 —3 CO + & Colg + % Hy«eH = ~24,0 keal/mole 11 (17)

From the analysis of the products of deccmposition at 18° ¢ and
atmospheric pressure, it was calculated that 50:2% of the ethylene oxide
was decomposed according to reaction IT (15); and 23ﬂ3% by rwaction

IT (16); and the remaining ethylene oxide remained wadecomposed. D -rction

IT (17) occurred to a small extent.
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Gerstein, lMcdonald and Schalla 17) made the first measurements
of the burning velocity of an ethylene oxide decomposition flame
propagating upwards through a tube under atmospheric pressure and
temperature. They assumed reaction II (15) to be the sole reaction and
estimated a flame temperature of 1460 - 1600° X, By assuming that
Mueller and Walters! (9’10) rate constanl for the low temperateve
decomposition, equation Il (7), applied at high temperatures, they were
egble to calculate the burning velocity of the ethylene oxide decomposition
flame according to the flame propagation theories of Semenov (18), Boys and
Corner,(lg) Adams,(zo) and Hirchfelder and Curtiss.(21) The results exe
shown in Table I.

TABLE I. Comparison of the measured and the calculated burning velocitles.

Miethod Burning/‘é’elocity
Experimental 12.5
S=menov (18) 8.0 }
Boys end Corner (19) 7.0
Adens (26) | 12.0
Hirchfelder and Curtié%l) 9.6
|



It can he szen that the measured burning velocity agrees fairly well with
the theorctical calculuted values. However, in the discussion that
followed Gerstein's(l7) payer, Burgoyne(17) commented that according to his
work (16), ethylene and hydrogen were present in substantial amount in the
final products of decomposition. By comparing the heats of reactions of
equations II (15), II (16), II (17), it may be deduced that the formation of
these compounds lead to a much smaller exothermic overall process and shouid
give a calculated flame temperature of 1220° X, The lower flame temperaturc
reduces the calculated burning velocities and therefore increases the
descrepancy between the experimental determined burning velocities and the
calculrted values given in Table I,

Iater in 1952, Friedman and Burke (22)(23) succeeded in
stabilising an ethylene oxide decomposition flame on a flat-flame burner
of the Powling and Egexrton (37) type. The burning velocities obtained were
less than those of Gerstein et al an by a factor of fowr. This
discrepancy led Friedman and Burke (22) to make a detalled analysis of the
products in the decomposition fleme. Their result for the flames
decomposing at atmospheric pressure is shown in Table 2, These results
correspond to 54% of ethylene oxide decomposing according to equation
II (15) and 46% according to equation IT (16). On the basis of these
results they calculated that for ethylene oxide initially at 25° C the
adiabatic flame temperature should be 1217° K. This was in good agreement

with their measured value. Hence the flame temperature of 1465° K assumed
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by Gerestein et al (17) in their calculation of the theoretical bturning
velocity was too high. Since the calculated burning velocity (17) is
étxongly dependent on the flame temperature, a reduction in the fiame
temperature from 1500° K to 1250° K would reduce the theoretical burning
velocity from 150 ¢/s to 2+4 ¢/s. Tmus, if the flame temperature is taken
as 1217° K, Friedman and Burke's (22)(23) peasured value of 2+7 ¢/s would
only be slightly higher than the calculated one. Friedman and Burke
concluded that the method employed by Gerstein et al () was unreliable
gince convective currents influence the velocity of the slow burning flame
as it progressed through the tube to an unknown extent. Also inaccurate
measurcments of the flame area of flames travelling up a tube may lead to
errors in the estimation for the burning velocity. It is concluded, therefoxg
that Friedmen and Burke’s(zz)(za) result is likely to be the more relable,
The effect of temperature and pressure on the burning velocity of
ethylene oxide has also been studied by Friedman and Burke (22)(23) in ths
temperature range 70° - 130° C. and at pressures up to one ard a half
atmospheres, As is shown in Chapter III neither effect was found to be
in accord with the results expected for a first order rate process.
Instead of &... o p'Ji, it was found that 8., . F—%E Furthermore, on the
basis of the Zeldovich-Frank-Kamencidgls equation (18) the effect of pre-
heating the gas gives an activation energy of 14 Kéals per mole which is
much smaller than the value of 52+7 kecals per mole used by Gerstein (17) to

predict the magnitude of the burning velocity. It was suggested that althoveh
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the buriing rase is gouverned by the first order reaction given by the low
temperatu-e decomposition, the subsequent flame reactions are governed by
the composition of th~ decomposition products and threrefore by the flame
temperature. Increesing the pressure favours the more exothermic reaction
IT (15) which tends to increase the burning velocity with the result that
the decrease in the burning velocity with pressure is less than that
demanded by the first order rate law. Similarly, the effect of pre-~heat
is to promote endothermic reactions and so raise the flame temperature by
a smaller amount than that caleulated from the heat capacities of the burnt
anmd ungurnt gases. In this way, Friedman and Burke (22)(23) were able to
provida a qualitative explanation of all their experimental data. It is
notewortiy that Burgoyne, Bett, Muir (24) in their work on the explosive
decomposition of ethylene oxide vapour under pressure found more methane
and less ethylene in the decomposition products than were found in the low
pressure expsriments of Friedman and Burke (22)(23). A summary of the

products of decomposition under various conditions is given in Table 2,



TABIE 2. Product of Decomposition at various conditions.

{Flat Flé%é)} Fléég) Explosive(24) Rocket(25)
Constituents ' i propagation | Decomposition Motor
{ volume %, | volume %, volume %. volume %, -
Hp | 19.6 12,7 16.4 161 | 9.5
Co 44.3 46.6 48.7 47.1 I 48.5
Op 0 - - 0.2 -

CH4 25.9 32,2 32,2 35,2 39.9
C3Hg - - 1.3 1.0 2.1
o, - 1.0 0.2 0.3 -
62H4 10.2 7.5 1.2 - -

Pr (PsTA) | 14.7 14.7 45 135 750 ¥ 50

II C Hazards and safe handlings-
II ¢ (1) Spontaneous ignition of ethylene oxide and oxygen mixtures:

In 1949, Burden and Burgoyne (16) investigated the ignition and
flame reactions of ethylene oxide and showed that oool flames could be
initiated in ethylene oxide - oxygen mixtures at atmospheric pressure at
temperatures between 270° - 380° C. This temperature range roughly
corresponds to that for the formation of cool flames with higher
hydrocarbon air mixtures., Small quantities of aocetaldehyde when added to
the ethylene oxide vapour were found to lower the minimum temperature for

the inbiation of cool flames. It is concluded that ethylene oxide - oxygen,
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or ethylene oxide - air mixtures are capable of igniting at low
tenperatures and that two stage combustion may occur,
II ¢ (2). Limits of Flammability for Ethylene Oxide-iir-CO, Systems.
Early studies of the physiological properties of ethylene oxide
in air showed that its pesticidal effect is promoted by the presence of
002 which increases the respiration rate of the insect. For this reason,
it was the custom to introduce 1CP CO2 into the commercial ethylene oxide
for use as a fumigant. It is not surprising therefore that early
consideration was led to the use of CO2 for suppressing the flammebility

21)

of ethylene oxide in air. In 1930, Jones and Kennedy found the

limits of flammability of ethylene oxide in air with and without CO

2’
. . (36) )
using the U.S. Bureau of iiines apparatus, Their result agreed welil

29
(28) and Peters and Ganters ( ). Fron

with the subsequent work of Jones
Jones' fesult, which is shown in Figure 1, it may be seen that in the
absence of 002, the limits of flammability of ethylene oxide vapour in
air are 3.0% and 80% by volume of ethylene oxide. The effect of CO, im
to reduvce the flemmability limits until the mixture contains more than
42% of 002 at concentrations above which all possible mixtures of ethylenec
oxide and air becomes non flammable. The peculiar 'bulge' on ethylene
oxide rich side of Figure 1 has been explained by Burden and Burgoyne on
the basis that vhe flame becomes more closely associated with the
explosive decomposition of ethylene oxide vapour, However, the peculiax

(27) (28)

'bulge' obtained by Jones and Kennedy and Jones using a flame
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for igniting the ethylene oxide mixtures was not obtained by Peters and

(23)

Ganter who used an electric spark as the ignition source.

Burden and Burgoyne (16)

in their closed tube experimenis using
a hot platinum wire as a source of ignition found that all mixtures con-
taining more than 3-6% ethylene oxide would propagate flame upwards., The
effect of reducing pressure on the flammability compositions for these
flames at a temperature of 18°C has also been studied by these authors and
their result is shown in Figure 2. The lower limit for the flammability
of ethylene oxide and air mixture is shown to be little affected by
reduced pressure. The decomposition flame of pure ethylene oxide would
not propagate at pressures below 633 m.m. Hg, but upper composition limits

oude
for ethylene/air flames fell rapidly with diminishing pressure. The

(16)

determination of the pressure limits was repeated by Burden amd Burgoyne
for downward propagation in a vertical tube. In these circumstances, these
authors found that the blue and the decomposition flames would not

propagate.

(27)

It is noteworthy that Jones and Kennedy and Jones

(28)

found
an upper flammability limit of 80 ethylene oxide in air., The apparati

employed by Jones (28) and Burden and Burgoyne (16)

werc similar cexcept
that Jones employed a flame and Burden and Burgoyne a hot platinunm wire
to ignite their mixtures. It seems likely that the different ignition

sources may account for the discrepancy in the resulits.
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II ¢ ‘3) Bshylene oxide - inert diluents.

Hess and Tilson (26) were the first to determine the limits fo
the propagation of the decomposition flame in the presence of inert
Alluents. The experiments were carried out in & closed pressure vesszl
at temperatures between 30 ~ 45° C and pressures in the range 30 - 70
reig. A hot platinum wire was employed either as the direct source of
ignition or am an ignitor for mercury fulminate. The amounv of inext
diluent regulred to suppress the explosive decomposition of ethylene oxide
vapour was found to be independent of the initial temperature and pressurve.
Their results for the flammbility limits for mixtures of ethylene oxlde
and various inert diluents are given in Table 3.

TABIE %, Flammability limit for ethylene oxide/diluents.

Initial Pressure = 30 psig; T = 30-40° C.

Iower Limit of

Diluent Explosibility. % 02H40
B, 7
iy £
co, 82
c, 85
C¥Hg 7
G, Hg 95

pt]



In 1960, Burgoyne, Beti{ and Muir (24) extended the work to a
temperature of 125° ¢ and partial pressures up to 155 psiA using a fusion
wire as the ignition 3ource. They also found that {the amount of inert
dijuent required to suppress the explosive dccomposition of ethylene oxide
was only slightly influenced by temperatures in the range 89° - 184+5° ¢,
bu:: was markedly affected by pressure. For cxample, by increasing the
initi~1 partial pressure of the ethylene oxide vapour from 25 psid to 135
psif. the amount of nitrogen required to suppress the decomposition
exploston increased from 40 to 65%. The authors ettributed this to & changc
in the mechanism of the reaction such tlat the exotherm%%y of the overmall
reactisn increased at higher pressures., The results obtained by Burgoyne
et al (24) when extrapolated tc the initial conditions of 60° C and =2 partial
pressure of 33% psiA; show that 42% nitrogen is required to suppress the
decomposition as compared with the value of 25% found by Hess and Tilton.(zei
The large discrepansy in these results has been attributed (63) to the
difference in the energy dissipated by the ignition sources used in the two
investigations, In view of the practical importence of providing reliabl:
data, one of the objects of this work was to determine the limits for the
propagation of the decomposition flame in the presence of inert diluents

over a wide temperature range so as to precvide a link between the work of

Hess and Tilton (26) and that of Burgoyne et al. (24)



II C (4) Devclopment of the maximum explosion pressure:

The maximum pressure developed in a closed vessel as a result
of the explosive deccmposition of ethylene oxide vapour depends on the
shape and size of the vessel. Hess and Tilton (26) studied the effect of
the ra*io internal surface area to the intermal volume of the vessel on
ths maximim explosion pressure developed at an initial pressure of
5 psis and at a temperature in the range 300 - 40° C. However, they had
difficulty in measuring the explosion pressure and tried various devices
such »nz graduated rupture diaphragms, hydraulically activated gauges; a
steam engine indicator and an unbonded Stratham strain gauge. They
concluled that the ethylene oxide explosion propagated extremely rapidly
and tlat the subsequent pressure rise¢ was too fast for safety valves and
rupture diaphragns to provide adequate relief in case of an explosion.
Burgoyne (24) et al measured the pressure records during and after the
expldsions by means of a capacitance type of pressure transducer. The
rate of pressure rise; as well as the ratio of the maximum pressure, Pa,
to the initial pressure Py, was found to increase as the initial pressurc
was increased. At an initial temperature of 125° C, and initial pressures
in the range 45-55 psiA, they observed a maximum rate of pressure rise of
only 1300 psi/S. In view of this, it is surprising that Hess and Tilton'26)
should have found bursting discs and safety valves inadequate for explosion

relief. The effect of surface area amd internal volume of the vessel was



found +o affect the rate of pressure rise as well as the maximum pressure
attained Iuring the explosion. As the volume to the internal surface area
ratio of the vessel was increased, the maxirum explosion pressure developed
wna fornd (26)(24) to increase linearly. However, from thermochemical daia
for the reactants and the products, it was deduced that at an initial
teuperatire of 100° C the ratio of the maximum explosion pressure to the
inltial pressure could not exceed ten even for a vessel of infinite volume,"

surface area ratio,
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CHAPTER III

THEORY._

LA (1) Flame propagation theory:-

Because of the great difficulty of studying the detailed
mechanisn and kinetics of the successive and inter-related steps in the
reaction zone of an ethylene oxide decompesition flame, an attempt was made
to obtain some information about the overall kinetics of variables, such as
temperature and pressure, on the burning velocity of the flame. A number
of theories of flame propagation have been put forward and these have been
reviewed by M,W. Evans (48). For the purpose of this investigation,use was
made of the theory of Zeldovich, Frank-Kamenetsky and Semenov, (18) because
it has been shown that this theory is applicable to the decomposition flames
of hydrazine 49) and ethyl nitrate (500,

The theory of flame propagation as developed by Zeldovich,
Frank-Kamenetsky and Semenov assumes that the flame is controlled by a
single overall reaction of the type

nA =8 +C+ -—— TIII (1)
for which the recaction order may be zero, first or second order with
respect to A. Intermediate reactions are not considered. Further
assumptions made in the theory are:-
(1) Pressure is assumed constant.
(2) The specific heat, cp » ond the thermal conductivity A

are constant.
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‘.

(3) The thermal diffusivity —,E\z is equal to the molecular diffusivity, i .

(4) It is assumed that there is a tempera.ture'i'"i,cg above which ail the

reaction occurs at the flame tempera.ture'f;r and below which no reaction

is assumed to occur.
The equations of continuity, energy, state and mass can then be

wiitten as follows:-

N 2 4, (&)
boys - ™ —;‘?’ - i) = 0 (continuity) IIX (2)
(£ & e
[ 4
A L AT L0 Z
bl d ey -+ oSl =
cp i ™ S 2= 0 (energy) I (3)
2 KR
ﬁ.i., = == (state) III (4)
28 = A& = M (conservation of mass) III (5)

Assumption (3) allows the continuity and energy equations to be expressad
in a similar form by employing dimensionless temperature, and concentratvion

rarameters, & and «. respectively. Thus

> - Lp T -Ti) III (6)
Q'
o = ;7'._ .;T 171 (7)

Equations IIT (2) and IIT (3) can then be written as



Lot o o &2 4 s = 0 III (8)
Ll D e

A o = o e

oy 0T g e = 0 IH(9)

Since it is assumed vhat 7y = U/ , equations ITI (8) and III (9) as well

&% bouriiaxry conditions are identical, then ~ = > and the problem is redvsed

to solving only one differential equation. Equation III (9) is solved fox

% .y by integrating over the pre-heat and the reaction zone separately ani
cho

esteb ishing the equation of continuity by equating I at x =, for

-

the two zones, i.e. = x, at T ='r:8 . For reactions obeying the simple
Arrhenias rate expression of order 'w!',

W o= A e H/RTg 171 (10)
then the theory of Zeldovich, Frank-Kamenetsky and Semenov yields the

following equations for the burning velocity in the case of zero, firsse

and second order reactions:

zero order E,"l.g,:“= ‘_é',{""/'“\‘: . i-j'-:*%'-: . 2. - “:/ﬂ'T‘% IT (11‘)
A Pi 26 ’—;‘+ TH =
o N Cops & It N ART - i+ B
lst order Su” = ‘-1-24—7—_‘&?@-'—"-".; (Tiyfaly (RTeZ )7, "Ry 1m (2
pﬁ f‘p}, 4 T i A ¥ ~ B
ond order ... * =204 op; Vet (T,“ -(.".'-..7..:\'1 .’f"_}:)é “&/mr IIT (13}
Pilpgd (-Ti? irel g g /2

III A (2) Reaction Order:-

By comparing the concentration terms in equations III (11),
T (12), III (13), it is evident that the effect of pressure on the
burning velocity is a function of reaction order, For a constant initial
temperature of Ti , the specific heat ¢y , the flame temperature T} , ani

the thermal conductivity-hf can be considered to be independent of pressur:



w2
i)

Also, vhe ratio %;c— is only slightly affected by pressure compared with Tl
and 2 vhich are functions of pressure such that Lox¥Faid i « P .
Ry grouping the prescare independent terms together in equations III {11),

T fi2Y 1T (13), it may be shown thats-

For mex order S._,f"cg ‘1-:_2/0‘.-’ i,e. Su Pm‘ 111 (14)

for first order $u® o pi i.e. S84 x F —45 11 (15)
. -

for senond order & . * o QLA iees S oo FF IIT (16)

Inspeciion of equations III (14), IIT (15), III (16), shows that the
burning velocity may be written as

S o p noe IIT (17)
III 4 (3) Activation Energy:-

The activation energy for the overall reaction can also be
estimated from equations III (11), III (12), and III (13) by rearranging
these equations in terms of the flame temperature and the activation energy.
Before this can be done, however, it is necessary to determine the
temperature dependence of the terms in these equations as follows:-

(1) The thermal conductivity,?}f , 0of the gaseous product is
assumed t0 be proportional to the flame temperature and can

e
\

be expressed as A L =7\':p:;-_/,—g where 7\‘,1: is the thermal conductivity

at 5°C,
(2) Tue irtial density of the reactant is inversely proportional tc the

. i
initial temperature, and is written as Ot =0 “,‘:‘l'"‘ where i is tho

density at "¢,
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(3) The values of A, Cps r{?, and £ are all assumed to be independent

temperature.

Therefore, for a first order reaction, equation III (12) can be rewritten

as
PR ] . . ) 2 - 4 - E/
1_ | N4 A Cob.ni R T_..__:f:_.' ! £ RT‘I’ I1II
= oy - R - . 2! - 1e
5'..(_ k 2.7:» P;'c-, —;}' }’\} E.A j( (T_} - ‘\_"-‘)2‘ (
let the temperature independent term be:-
- {any . Cet A ni . RY) III(1¢
(@7 Lo Pt h§ E” )
theref are,
1 :0‘;(.) 5u= logE + 2 logT'l + 4 logT_f. - 2 log (Tj—a "T.l )
—_— III(2C
’ 2+303% IQT_f
let §(T) = 2 10gTi + 4 logTf -2 log (T =Ti ) -2 log S
th - E - 1logp - I1I(21
en{-(;ﬂ 37303 "; og B (

A knowledge of the effect of initial temperature on the burning
velocity and the flame temperature enables the function g (T) to be plotted
against -:}L} ;7 the activation energy of the overall reaction can be
calculated from the slope of the straight line relationship., Alternatively;
the change in the burning velocity and flame temperature on adding inert
diluents can also be used to estimate the activation energy of the overall
reaction. In this case, a plot of the function, (f(T) + log B), against

".‘:‘ 5 yields the activation energy.

From a survey and subsequent analysis of the steady state flame
propagation theory of Zeldovich, Frank-Kamenetsky and Semenov, & scheme was

developed for evaluating the overall flame reaction kinetics. The method
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was arplied to determine the order end the activation energy for the
overall weaction involved and to reduce from these results the rate
controlling mechanism in the explosive decomposition of ethylene oxide
vapour.

IITI (B) Flammability Limits:-

There is as yet no satisfactory theory to estimate the lower or
the upper limits of flammability which depends only on the fundamental
properties of the mixture, and it is therefore impossible to compare
observaed limits of flammability with those predicted by theory. However,
for many practical purposes, it is necessary to determine the trends of
flammability limits with temperature and pressure; and for this reason, it
is of interest to consider these effects on the basis of the thermml
theory (52).

Flame vropagation is only possible if the heat emitted in the
flame front is sufficient to heat the layer of fresh gas joining it to come
Yignition' tewmperature. The temperature in the flame front that correspoud:

to this gquantity of heat can be expressed as

Ty o= Tz o+ 7 [ET IIT (22)
C |.'.‘ + 0 \;: PN !
where Al = heat of reaction of 1 mole of stoichiometric fueL/air mixturs.

¢ = mean specific heat of the products per mole of stoichicuetris

mizture burnt LeL fefe O,

=
I

the coefficient allowed for a temperature reduction as a

result for heat loss.
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K 1is the molar ratio of the excess inert gas and stoichiometric mixture.
513~ - nean specific heat of the excess inert gas.CcuLsﬁm/bc

If it is assumed thav the limits correspond to a certain minimum fiunal
flanme temperature?};u, below which the burning gas will not heat the lay~:
of fresh mixture Jjoining it to the ignition temperature and the flame
propagation ceases, then

. ‘

L= T, o« sMe ], 11T (24)

EP+“1CP”} “

Combining equations III (23) and ITI (24),

-i-t;".' b‘.}.o‘ /!

s III (26)

L. = [ e .- c.] III (25)
< ] CoN

’\ - T (Tz-'T'I)
where . = S

Equation TII (25) has been used by Peshkin (52) to estimate the effect i
initial temperature on the lower limit of flammability fer carvon menozidc--
air, ethylene-air, methane-air and pentane-air mixtures and the results
shown to be in accord with experimental observations. This equation has
also been employed by Egerton and Powling (53) ard Zabcetakis et al (55) Foxn
estimting limit processes. Unfortunately, no simple relaticn can hc
obtained for the effect of pressure on the limits of flammability because
the minimum final flame temperature hns beer shown by Zabetakis et al (55,

to decrease with increasing pressure. The affect being more marked at
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lower pressures. Inspection of equation III (24) shows that at & constani
initial 1iemperature a larger quantity of inert diluent will be required to

suppress the flammable gas mixture at a higher initial pressure.



COAPTER TV

FYPERIMEND Lo

IV A Introduction:=~

The primary objeet of this work was to investigate th2 hazarus
involved in the handling of ethylene oxide vapour. To this end., it was
proposed to make measurements of the pressuics developed as a result of the
explosive decomposition of ethylene oxide and also the am§unts of inert
diluents and chemically active species required to tuppress the decompos--
ition,

The determination of limits of flammebility for a gas mixture :an
be made using the type of apparatus developed by U.S. Bureau of Mines (56)9
It consists essentially of a vertical tube of internal diameter, 5 cus.,
and 150 cms. lcng. Provisions are made to introduce the fuel and inert
diluents into the tube. The gas mixture after being thoroughly mixed is
ignited at the end of the tube., If flame fails to propagate all the way
up the tube, then thz mixture is said to be non-fiammable, The use of this
sort of apparztus is confined mainly to conditions of atmospheric temperabtiu-
and pressurec.

An alternative method for determiring limit conditions for flum.:

(37)

propagation made use of Egerton and Powling's fiat flame burner.
Inert diluents can be introduced into the gas stresam until the flame
cannot be stabilised. The burner can bz pre-ncated to any desired

temperature and gas mixtures can be regnialed to any pressure. However,

the flow of flammable mixtures at high temperatures and pressure renders



the process hazardous.

In view of the hazards involved in the handling of ethylene oxid=
under pressure it wa3 decided to use a constant volume vessel for this
investigation, With a vessel, it is relatively easy to clange the initia’
temperature and pressure of the gas; furthermore by inserting liners into
the vessel, it is pussible to alter thke shepe and size of the chamber sou are
to study these effects on the maximnm explosion pressures developed.
However; the closed vessnl has its limitations in that once an explosion hus
started: both the vurnt and unburnt gases ere compressed and consequently
the products of decomposition do nobt correspond to the initial conditions.

Also “he buarning velccities of slow burning fuels cannot be measured

accurat:ly in a closed vessel,

IV B The Veossl:~

The explosion vessel which was previously used by Burgoyne et
al (24) is shown in FPigire 3. The vessel is cylindrical in shape with axn
internal dsameter of 4.5 and an internal voiume of 148+9 in’. It is
constructed of stainless steel type EN 58B. No copper, silver and other
acetylide forming metals were used in its construction so as to prevent ..
possibility of forming acetylides, which, if detonated,; could have nitisizd
the explosive decompesition of ethylene oxile vapour. The vessel was
desigred to withstand iymamic pressures up to 1500 psig. The end cover, 4,

is attached io the screwed flange, B, by eisht tensile steel nuts zud brive
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A sem’. confined gasket, C, machined from fully annealed nickel, Zforws the
seal betveen the cover and the end of the vessel., The firing piugy D, is
provided with two elsctrodes; one of which is electrically insulated from
the plug by two cone shaped Fluon bushes, while the other, F, serves as a=
earth return. The ignition source, G, consists either of a atraight nichrom
wire or a coil and is clamped between the electrodes located at the centir of
the vessel. A stainless steel sheathed thermocouple, H, is welded into the
firing plug so that the tip is located near the ignition source. A flav
P.7.F.3. joint ring, I, is employed as a pressure seal between the firing
plug and the vessel. Provision is made to evacuate and f£ill the vessel
throvzh two pipe inlei#s, M and L, the latter being provided with a pipe
extension inside the vessel to promote mixing when an inert diluent is

added to the ethylene oxide vapour. The pipe is removed when liners are
inserted. Dynamic pressure measurcments were made by a pressure transducs:.
J, which was prosected from the hot impinging flame by a wire gauze. The
dimensions of the vessel and liners are shown in Figure 4, and the rat.os

of the internal volume to the surface area of the vessel are given in

Table 4.

TABIE 4. Dimensions of vessel and liners.

< ————1 . e

Vessel i ILiner I t Iiner I !

Inter:al volume in? (cud)

e mekirm. Jr, R

: i
1489 (2440) T (1310) !8-0(131) !

5 6+ 7% |

v

Ratio V/a /102 (9% o) 0+935% (2:38)] 073 (1-93) | 0-258(0~005)
o

/
Ratio W'D | 2.25
i
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IV C. Dynamic Pressure Measurements.

The chief requirements for the pressure transducer were that it
should be capable of operating at a temperature of 150° ¢ continuousiy,
have a linear pressurs-output characteristic at pressures up to 1500 psig.
have a rapid response time and be capable of measuring static pressures.
Two types of pressure transducers were employed in this work. One was a

capacitance type and the other a piezo electric type.

IV ¢ (1) Capacitance type pressure transducer.

The capacitance pressure transducer type G246, was supplied by
the Southern Instruments Ltd, Four different transducers were used to
cover the pressure ranges O to 28 psig, O to 220 psig, O to 600 psig and
0 to 1500 psig. The temperature stability of the transducer was reported
to be about 1% full scale output for temperature change of 20° C. The
pressure transducer and its lesd formed an integral part of an oscillator
circuit; the radio frequency signal resulting from a change in capacitance
of the gange was fed to a frequency modulated pre-amplifier, Southern
Instrument type MR 513, the output voltage of which could be displayed on
a cathode ray oscilloscope screen, Southern Instrument type M 977. The
output voltage was directly proportional to the change in capacitan.e of
the transducer and hence directly proportional to the pressure changz. A
calibzated control diel which supplied a variable D.C. voltage was used tc

balance the output of the transducer. By applying a series of knowa procsde



to the transducer and noting the reading on the control dial necesgsary to
reduce the signal to zero, it was possible to produce a calibration curve
in which the dial rendings were plotted against the corresponding pressures.
The graph could then be used to obtain the readings necessary to provide the

calibration signal for any pressure within the range of the transducer.

IV ¢ (2) Piezoelectric type pressure transducer.

The piezo electric pressure transducer tyve I'4 14 employed in
this work was made by the Swiss Locomotive and Machine Works (SIM) and was
capable of operating at a maximum pressure of 2000 psig. Its response,
according to the manufacturers did no’ change by more than 1% for « 20° ©
temperature change. When pressure was applied to the transducer a charge w's
genérated across the faces of the piezo electric crystal. This change was
transferred tarough a low loss electrical cable to & calibrated condenser
which ther supplied the grid voltage to an electrometer valve in an SLM
type PV 17 amplifier, The electrometer valve had an extremely high input
impedance, so that the charge in the transducer did not decrease by more
than I% within 20 seconds. The output frrom the electrometer valve was
"amplifiei by a D.C. amplifier, Cossor type 1440, to enable it to be
displayed on the cathode ray oscilloscope. & reference dial which enavled
calibration charges to be fed into the electrometer valve was incorporates
in the SIM oreauplifier and used to balance the output signal from the
pressure ‘transducer. A static pressure calibration curve could be ohtalnead

for this apparatus in the similar way to that for the capacitance type. .

general la&out of the equipment is shown in Figure 5.



PZ14

51

GENERAL LAYOUT OF

PRESSURE

ELECTRICAL COM PONENTS
PVI7 PRE AMPLIFIER
(SLM) MODEL 1440
PIEZO ELECTRIC ELECTROMETER , COSSOR
TRANSDUCER (SLM) VALVE AMPLIFIER
w INPUT ]
' DOURLE
DRUM BEAM
C.R. O
CAMERA SOUTHERN
SOUTHERN  INSTRUMENTS LTO) { NSTRUMENTS LTD.
, : INPUT O
SYNCHRONOUS
MOTOR
SIGNAL

FIGURE

5



IV C (3) Performance of the pressure transducers:-

To prevent the hot flame from damaging the pressure transduzer, a
stainless steel wire gpuze, 30 mesh, was fixed in front of the transaucer
to act as a flame arrestor. The efficiency of the flame arrestor was tesuad
by constructing a 'dummy' transducer with copper-constantan thermocouples.
0.028" diameter, inserted in the positions shown in Figure 6A. It was foun?
that after igniting ethylene oxide vapour in the vessel the maximum change
in temperature indicated by the various thermocouples was a T, = 0°C,
aly = ZOOC, o Ty > 100°C. Since AT; was no greater than 20°C, it was
concluded that the gauze was sufficient to prevent the flame from damaging
the tiransducer. However, the effect of a temperature difference of 2000
across vhe diaphragm on the response of the transducer had to be investigate
It was found that when the flame from e match was held near the diaphrage of
the SIM pressure transducer for 5 seconds; a negative deflection coxrespondha
to 15% fuli scale deflection was observed on the oscilloscope screen.
However, when a finger, 37OC,was gently placed on the diaphragm of the
transducer (18°C), no observable deflection was noticed on the cathode zey
oscilloscope screen. It is therefore concluded ihat the measured
temperature difference, o Ty, of 20°C across the diaphragm would not
affect the response of the pressuve transiducer.

The pressure transducers were calibrated statically against a
Bourdon tube gauge which in turn was calibrated against a dead-weight

tester. All these transducers gave straight line press::re-output
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characleristics under static conditions. The SLM piezo electric type of
precsure transducers has been tested dynamically by the Royal Aircrart
Establishment (32) u3ing shock iube techniques and found to have a linear
characteristic to within * 1%. In view of this, it was assumed that the
piezo electric transducer responded correctly under dynamic conditions and
it was subsequently employed to test the dynamic loading characteristics of
the capitance type transducers. The two different types of pressure
transducer were simultaneously exposed to a pressure pulse using the
arrangement shown in Figure 6B and the pressure recorded by the various
gauges are shown in FPigure 7. It was found that the capacitance pressure

transiucer having a range O - 1500 psig indicated explosion pressures 2575

24
=

lower tan those recorded by the pleso electric gauge. Burgoyne et al .
in their work, on the explosive decomposition of ethylene oxide vapcur did
in fact use this particuliar prescure transducer and therefore their
explosion pressure measurements my nove been in error. In view of the
results of tnese experiments, the piezo electric type of pressure

transducer was used in this investigation.

VC (4) Time Base:-

Electrical signals of 0+3s. duration were appiied vo the <econd
beam of the cathode ray oscilloscope by means of a timer which consizierl
of o rynchronous motor (10/3 RPS) driving « P.T.F.B. drum. A brass strip

mounted on the drum made contacsvs with coprner brushes so as to suppiy a
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2 voly d.c¢ signal to the oscilloscope once every O0-3 seconds. A photograph
of the synchronous motor is shown by PLUTR I.
IVD The ignition system:-

The ignition of an explosive mixture can beachieved in a number
of ways,such as by a hot coil, a condenser spark or & flame. For closed
vessel experiments, ignition is generally accomplished by either a spark oo
a hot coil. Because the supply of cnergy to an exploslve mixture by a heat-
coil is slow, convective currents are set up, and the method is not
recommended for the determination of flammability limits. In the case of
spark ignition, concentrated energy is supplied very rapidly; whethsr a
steady flame can develop from the shock discharge mainly depends on thae
physicai and chemical properties of the gas mixture and on the heat icsses
to the electrodes.

Gerstein et al (i7) made several attempts to ignitc ethylene
oxide vapour at atmospuerds pressure saind temperature using a single spaux
between needle clectrcdes at o potential greater than 10,000 volts.
Although 11¢0 joules were cstimated to have been dissipated in the svark.
ignition was possible only with successive sparks. The difficulty of
igniting ethylene oxide vapour whicih was also reported by Courtrey (35) T
conelstent wish its low burning velocityy high activation energy and largec
qQuenching distance. In view of this difficulty, exploding wire was

employed az the ignition source in this investigntion., The advantags of =
j=)






exploding wire is that energy is rapidly supplied to the vapour in a single
expioding process producing multiple point sources of ignition which are
essential for the initiation of ethylene oxide decomposition flames.

A nichrome wire, 0-8" long (quenching distance (23) 0.55") was
caused to explode by applying 240 volts a.c. acrose it. 4 10 ampere fuse
was used to protect the mains fuse as shown in Figure 8. The amount of
nitrogen required to syppress an ethylene oxide explosion (24) was found
to depend on the wire sire for wires having diameters less than 34 SWG,
whereas for wires having diameters larger than 34 SWG, it was independent
of the size of the wire. For this reason exploding nichrome wires of 31 SWt
were amployed in this work.

It was demonstrated that an exploding wire provided multipie poind
ignitions hy comparing the pressure-~time record of an ethylene oxide
explosion initiated by an exploding wire with one using a hot coil as an
ignition source. Figure © shows that in the former case the pressure riss
was more rapid than in the latter case. The delay period between the
switching on of the electiic circuit and the observable pressure rise
following an ignition using a hot coil was approximately 1+2 seconds.

This time was estimated to correspond with the time taken to raise the
heating coil to a temperature not exceeding 700° C. In the case of &n
exploding wire, there was no delay and the pressure started to rise

immediately the electrical circuit was clos2d. The hot coil iganition
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system shown in Figure 8 was employed only when burning velocity
determinitions were reguired, whereas the exploding wire was used for the
determination of limits and for those experiments in which study was made

on the producis of decomposition.

IV I Ancillary equipments:-

The vessel was supported at the centre of an enclosed electricail:
heated oven which could be adjusted and controlled at any temperature from
25° to 200° 0. Provisions were made for the firing plug toc be withdrawn
and repiaced in the vessel as required withoui having to remove the oven.
Four ‘thermocouples were fixed at various external parts of the vessel
surface to allow the temperature distribution over the external surface of
the vessel to be measured. It was found that when thermal equilibrium was
established at, say, 100° Cs the outside surfaces of'the vessel were ali
within = 2° ¢ of the tcmperature measwred by the thermocouple inside th- .
vessel,

All pressure gauges, valves and pipes employed in this work we.e
of stainless steel. Those valves and pipes leading to the preseure vesse’
were also heated to 100° ¢ by means of elestrically heated tapes. All
pressure gauges were mounted on a steel panel designed to provide score
protection in the event of the pressure vessel failing., Plate 1I and ITI

shows photographs of the oven and the panel respectively.










Liquid ethylene oxide was stored under its own vapour in a feed
bottle, ‘A), which could be refilled through a screwed cap. This vessel
which had an interna” volume of 23«5 cubic inches was designed to withstand
a working pressure of 200 psig., It was protected by a bursting disc, B,
designed to rupture at 250 psig.

Liquid additives such as water, methanal, and propylene oxide
were introduced into the explosion vessel by means of a syringe which is
shown in Figure 10. After the vessel had been evacuated, valves 13 and
14, see Figure 11, were closed, and valve 16 opened so as to allow the
liquid in the syringe to be forced into ths apparatus. Valve 16 was then
close! and the liquid evaporated, its vapour pressure being recorded by

the pressure transducer.

IVF Procedure:-

A flow diagram of the apparatus is shown in Figure 1l. After
the vessel had been heated to the desired temperature, say, 100° C, ali
valves except T, 9, 11, 12 and 14 were closed and the vessel evacuated b
a rotary pump, C, until the pressure recorded Ly the manometer 'D!', with
the valve 11 closed, was less than 1 m.m. Hg pressure. Commercially
available oxygen-free nitrogen was then introduced into the vessel through
valve 2 until the Bourden tube gauge, Gl, recorded a pressurc slightly

above atmospheric, afier which the vessel was re-evacuated. Valve 14 was
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then closed and valve 3 opened to allow ethylene oxide to be drawn slowly
intc the explosion vessel where it vaporised quickly until the pressuvre
inside the explosion vessel was equal to that in the feed bottle (G2).
Nitrogen was then slowly admitted to the feed bottle via valve 1 to force
more ethylene oxide into the explosion vessel until the required pressuve
was registered by gauge G2. When equilibrium had been established, valves
1, 3 and 13 were closed and the remaining ethylene oxide in the pipe was
removed by a wet vacuum pump through valve 4. Inert diluents such as €Oy,
or NHz were admitted through valve 15 (for No through valve 2) until the
pressure recorded by Gl was greater than the pressure inside the vessel.
Valve 14 was then opened and further inert diluent added to the required
total pressure. Valve 15 and 14 were then closed and the inert dilueat in
the pipe line was withdrawn through valve 1B by a wet vacuum pump. Iiquid
diluents such as water, methanol and propylene oxide were injected into the
evacuated vessel before ethylene oxide was introduced. After allowing the
mixture to mix for half an hour, the pipe lines joining valves 13 and /£
to the vessel were disconnected and the mixture in the vessel ignited.

The pressure time trace was recorded by adrwi camera. When the de-
composition products had cooled to 100° C. the total final pressurec wac
recorded by gauge Gl. The products were then passed either directly,
through heated pipes via valve 13 intco a gas chromatography unit or

collected in gas sampling bottlas for subseguent analysis. The vessel wec
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periodically cleaned to remove carbon deposits.

IV G Gas Chromatogrephy Analysiss-

(1) The quantitative analysis of the important products obtained from
the explosive decomposition of ethylene oxide vapour was made with the aid
of a standard Beckman G.C.2 gas chromatograph.Carier gas, such as hydrogen
or nitrogen, was divided into two streams as shown in Figure 12. Each
stream was passed through a similar capillary orifice which restricted

the flow to the required rate. One stream flowed directly to the reference
side of the detector cell and out through the exhaust line. The othex
flowed through a sample inlet system and then through a chromatographic
column *0 the sensing side of the cell before leaving the instrument via
the exhaust line. Samples were introduced by a vacuum system through a
sanpling valve which had fixed volume loops of 1 ml. and 10 ml. The
detecter cell which was of the thermal conductivity type could be operatod
at a temperature range 20 to 220° ¢, The change in the temperature and
hence the resistance of the filements in the cell caused by the difference
in thermal conductivity between the carrier gauc and the sample, resulted

in a voltage differential across the bridge which was recorded on a
Honeywell recorder. The amount of each component was proportional 4o the
area under the recorder curve which was measuxd Ly a digital integrator

of Honsywell type. In order to analyse the decomposition produets,; iwo

chromatographic columnswere used in series by means of o dual column vaive.
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IV ¢ (2) Columns used for separating various gases:-

An elght foot silica gel column, Davidson 28 - 200 mesh, was
employed for the sepnration of Hp, CO, CH4,02H5, CO2 and C2H4. at 700 C.
A sample of 1 ml. was injected for the analysis of CO and CH4, hydrogen
being used as the carrier gas at an inlet pressure of 20 psig. Because
CoHgs CO,, C2H4 were present in small quantities and that they have long
retention times, 10 mls. of sample were employed and the pressure of the
hydrogen carrier gas was increased to 40 psig. Hydrogen was analysed using
nitrogen as the carrier gas.

CHBOH, 02H40, C3H60, Hy0 and C6H6 were all separated by a six
foot nolvmn of Carbowax 400 supported on 42 - 60 mesh teflon.

A molecular sieve (54) column was used to detect the presence of ¢

Ammonia and amincs were separated by a 12! column containing 20%
cetyl alcohol on alkaline washed embacel (60 - 100 mesh) at 400 C with
hydrogen as the carrier gas.
IV ¢ (3 Caiibration:-

A svandard gas sample containing Hy, CO, CH4, C2H6’ 002 and
C2H4 was supplied by the Infrared Co., Ltd. This standard sample was made
by accurately measuring the partial pressures of each of the pure comprnertsz
Higher toiling liquids such as methanol. amines and propylene oxide were
calibrated by direct injection into the carrier gos stream using a micro
syringe. A plot of the concentration against the arza wnder th: rocorder

curve gave straight lines for each compcnent,



IV G (4)Sehsitivity and accuracys:-

The sensitivity of the gas chromatograph for analysing trace
components such as ethylene, ethane and carbon dioxide depended mainly on
the sample size and the conditions under which the instrument was operatirg.
mmanwmlmwmmwdwﬁ@cumMof%OM@lOMswﬂemd
hydrogen as the carrier gas, the minimum detectable percentage of each

component was as follows:-~

Components Vol. %
Ethylene (SH4) 0. 100
Carbon dioxide (CO,) 0.05
Ethane (SHg) 0.05
Ethylene Oxide (SH40) 0. 005
Propylene Oxide (03H60) 0.005
Lmmonia (NH5 ) 0.015
Methylamine (CHBﬂNHz) 0.015
Ethylarine (SH5NH2) 0.015

Methanol (CH_OH) 0.03

3
With a maximm bridge current of 400mA, the sensivity increased
approximately four fold.

The accuracy of the gas analysis was estimated by repeatedly

analysing the standard gas sample for about ten times. The maximum

difference between each analysis was found to be T I%.



IV ¢ (5) Chemical Analysis:-

The Carbowax 400 column was unable to separate acetaldehyde,
formaldehyde and etkylene oxide. Hence chemical analysis was employed to
detect and determine the aldehyde content in the products of decompositicn
as well as in the initial ethylene oxide vapour. Aldehydes were removed
from the gassous decomposition products by mezns of a trap maintained at
—7100 by a mixture of cardice and methylated spirit. Traces of acetaldel;d:
(> l*’) could be detected (34) when added to a mixture containing equal
volumes of 20% morpholine and 9% sodium nitro prusside solution by the btlus
coloration produced. TFormaldehyde, if present (>-0°14"{) was detected with
34)

Chrorotropic acid ( in a strong sulphuric acid by the appearance of ¢

violet pink coloration. The total aldehyde content was determined by
(30)

titrating the excess sodium bisulphite in the mixture with iodine

using staxrch as an indicator,
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CHAPTER V.,
LXPERTMENTAL RESUITS FOR THE EXPLOSIVE DECOMPOSITION (F

PURE ETHYIENE OXIDE VAPOUR.

V & Products of decomposition.

The explosive decomposition of pure ethylene oxide vapour has
been studied over a temperature range 20 to 100° C and at initial pressures
up to 135 psiA. Typical gas analyses for the products of decomposition ares

given in Table 6.

TABLE 6.
Analysis of products of decomposition of pure
Ethylene Oxide Vapour at 100° C
Products Volume (%)
PI = 4.66 psih PI = 14.7 psiA PI = T4.7 psilh
02H4O 2.62 0-90 0-44
CH4 20-95 27-80 28410
co 4410 46+15 43+40
Hy 23*15 22°20 27+52
CoHg 1-08 0-50 0-11
CO2  — 0-10 0+20
02H4 8.0 1-91 Q.11

06H6 — 0-44 0-12



Solid carbon was also observed at the end of each explosion. It was
foun. thet the amount of ethylene oxide remaining undecompnsed at the
end of the explosion increased greatly as the temperature of the vessel
was reduced from 100°C to 20°C as shown in Figure 13. Therefore, in ordex
to study the effect of experimental conditions such as temperature, pressui:
and vessel shape on the decomposition mechanism, the products are expressed
as moles of product per mole of ethylene oxide decomposed. On this basis
the effect of temperature and pressure on the decomposition products is
showr: in Figures 14 and 15 respectively. Increasing the vessel
temperature from 20°C to 100°C was found to have little effect on the
products of decomposition except that the formation of methane was slightly
reduced. On the other hand, pressure wes found to have a definite effect
on the products of decomposition in tlat methane formmtion was favoured
at higher pressures and ethylene at lower presswures.

The effect of the surface area to the internal volume ratio,
(S/V), of the vessel on the products of decomposition of the ethylene
oxide vapour is illustrated in Figure 16. The results show that as the
S/V ratio is increased increasing amounts of ethylene and ethane are
formed with a corresponding reduction in the amount of methane and
hydrogen. However, the formation of carbun monoxide is unaltered by

changes in S/V ratio of the vessel.
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VB Ratio of the maximum explosion pressure to the initial
| pre:sure PE/PI.

The effect of the initial grs temperature on the ratio of the
maximum explosion pressure to the initial pressure, BE/PI, was studied at
an initial pressure of 14.7 psiA in the temperatwe range 20 - 100°¢.
Figufe 17 shows that the ratio increases from 5¢6 to 7.6 as the initial
temperature is increased from 20 to 60°C and then decreases as the
tempcrature is increased above 60°C.

The effect of initial pressure on the ratio of PE/PI has been
studicd at an initial temperature of 100°C and pressures in the range
4416 0 135 peiA, Figure 18 shows that for initial pressures below
14.7 psiA, the ratio PE/PI decreases ranidly; it was found that flame
propagation was not possible for initial pressures less than 4:17 psil,
However, as the initial pressure is increased from 147 psil to 135 psid,
the ratio BE/PI was found to increase steadily from 6+85 to 9+4. A
series of experiments were performed using a Lot coil as ignition souvice
and the values of PE/PI obtained, shown in Figure 18, were lower than
those when exploding wires were employed. Figure 18 also shows that the
ratio of the final prescure to the initial pressure EF/PI incresses from
2:04 to 2+62 as the initial pressure is iacreased from 4-17 o i35 w5l

The effect of the volume/surface area ratio of the vessel on

PE/PI was also studied. The decomposition explosions were carried out &
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temperatures in the rangz 25 - 100°C ond at initisl pressures up to

45 psif, The results are shown in Figure 19 from which it is seen that
in all cases increasing the V/S ratio of the vessel increases the PE/PI
ratio. The relationship between V/S and PE/PI is approximately linear

for the experimental conditions investigated.



\%
VOLUME/SURFACE AREA OF VESSEL, /SCMS.

EFFECT OF VOUJME/SURFACE AREA OF VESSEL

ON PE/
Fe

14-7 PSIA

b
-~

b 1 1 - [}

o}

3 4 5 6 7 8
MAXIMUM EXPLOS[OI\/PRESSURE INITIAL PRESSURE F:=/P
L

FIGURE 19

28



CHAPTER VI,
DISCUSSION OF RESUITS ON THE EXPIOSIVE DEQOMPOSITION a
PURE ETHYLENE OXIDE VA%OUR.

VI A Interpretation of results from closed vessel experiments:

When an explosive gas mixture is ignited by a suitable source
at the centre of a closed vessel, a spherical flame will propagate towards
the wall of the vessel. As the flame progresses, the temperature of the
unburnt gas will rise in accordance with the laws of adiabatic compression.
Immed iately after ignition, the gas in the region of the ignition source
burns by expaniing at practically constant initial pressure, Py, but it
is subsequently compressed to nearly its original volume by the combustion
of the rest of the gas in the vessel. This work of compression will be
larger tlan the work of expansion because the compression of the gas takes
place at a pressure which steadily increases from Py to the final pressure
Pgp, whereas the expansion occurs at the lowest pressure Py. The last
portion of the unburnt gas is compressed under a pressure which rises
from Py to Pgp and then expands on burning at the pressure Py to
approximately its original volume. It is therefore apparent that the
gas that burns last loses some of its energy while the gas which burns
first gains energy in excess of the chemical energy released by combust-
ion. 'Yhis results in the establishment of a temperature gradient which

rises from that portion of the gas burnt last to that burnt fivst.
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Although this temperature difference may be a few hundred degrecs, e.g.
800°% in H2/02 explosions (l), it only increases the explosion pressure
by about 0-5% (l) conpared with the value which would have been obtained
had the temperature been uniform. If it is assumed that a uniform
temperature, Ty, exists, then for an ideal gas the following relation

between P and TE holds: -
Pe
P

A

f‘f--‘- ng — VI (1)
The mean uniform maximum éxplosion temperature, Tp. can be estimated by
applying energy balance equations before and after the explosion. For the
purpose of calculation, the explosion is considered to occur in three
steps. Firstly, ethylene oxide vapour decomposes to completion at Ty,
liberating thermal energy eguivalent to rnril/aup)T. Secondly, part of
this energy is used to dissociate decomposition products at Ty, so that
the concentrations correspond to tle e quilibrium temperate Ty and pressure
Pg. Thirxdly the rest of the energy is used to raise the equilibrium
mixture to a temperatuve Tp. HEquation VI (2) relates these changes in
energy.

el (aug!Ty = 3 j.” dis (AU Ty © 3 in, (UTg-uTty VI (2
in which nd.is andALhLSIEPresent moles of product dissociated and the
change in internal energy due to the dissuciation respectively; eacl.

quantity being based on the decomposition of m' mole of ethylene oxida,
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Equation VI (2) assumes that no heat is lost during the
explosion;if this were the case,then an ideal type of the pressure - iime
record such as L T C E shown in Figurc 20 would result., In practice
several factors influence the shape of the actual pressure - time record.
As soon as combustion is initiated, some energy is lost by radiation and
conduction tn the walls of the vessel and to the ignition electrodes.
Thus, a2t any moment up to the maximum pressure, the actual pressurs
observed will be lower than that represented by the ideal curve., The
rate of heat loss will increase as the combustion proceeds until a
condition is reached at which it is equal to the rate of heat liberated.
This condition will correspond to the maximum observed explosion pressure,
PE. Conbustion is, however, not necessqurily complete at the maximum
pressure because at the high temperature a state of equilibrium way be
established betwecen the reactant and the products. Also, the cooling
effect of the walls of tre explosion vessel may cruse a thin surface
layer of the recactant to remain unburnt. In some cases, chemical
feaction, with subsequent liberation of heat will continue for a shoxt
period after the attainment of the maximum explosion pressure. Tie
effect of this will be to reduce the normal rate of cooling and the
slope of the curve Dd will be less than tmat of the ideal cuxve CH. L%
some later period, the two cooling curves will meet and thereafter

remain superimposed until cooling is completed. It is therefore appareuvs
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that ths main factors influencing the final shape of the observed pressurc
time curte are the heat loss rate during the explosion; the amount of
dissociation of the products at PE’ and the amount of the reactant remain-
ing unburnt. Fach of these effects was studied during the course of this

investigation.

VI B. Products of decomposition.

The final prodvsts after complete decomposition of ethylene
oxide vapour in a closed vessel are not, of course, the same as the
products formed during the initial stages. The major part of the ethylens
oxide is decomposed close to the wall after being adiabatically compresssel
prior tu the expansion and subsequent compression of the hot gases
produced ir the earlier phase of the decomposition. TUnder these con-
ditions, much higher explosion temperatures are reached compared with
the consiany pressure flame temperature with the result that secondary
decomposition of the products such as CH4, C2H6 and C2H4 is likely to
occur. It way be seen from Table 6 that a smaller amount of CZHZ'xeaains
in a closed vessel than is formed in a constant pressure burner Fer
conditiong in which the initial pressure of the ethvlene oxide in the

vessel is the seme as tha+t of the flat floime burner.
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TABIE 6
Comparison of products of decompesition in a constant

volume vessel with a constant pressure burner.

(23)

Products This Work Flat Flame
Pl = 147 poid, Ty = 100°¢ P = 14°7 psik; Ip = 70%
Volume %
C,H,0 09 _—
CH, 27°80 2599
co 46+15 44+3
H, 22420 19+ 6
C, 8, 0°50 —
co,, 010 —_—
Colly 1.91 10+2
C He 0-44 S

Apart from CcHy, pyrolysis of CHA’ &1d C2H6 may also occur and therefore
an estimate was made of the extent to which each of these can be
pyrolysed under explosion conditions. The thermal decomposition raie
constants (39) for CH4, CZHG’ C2H4 are shown in Figure 21, From these
data an estimate was made of the extent of resondary decomposition vhat
may occur during and afiver the explosion by epplying the first oxder

rate equation,

Q ~ T ()
A = ¢ VI (:
o (3)
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where QV!Le is the fraction of any ccmpoient remaining undecomposel.
If it is assumed that the major part of the pyrolysis of CH4, CZHS ani
CH4 occurs at the mean maximum explcsion temperature, TE’ the fractions

of these hydrocarbons not pyrolysed at various time intervais are as given

in Table 7.

TABIE 7

Pyrolysis of bH4, C2H6’ CZH4 under explosion cenditions.

Py = 14-7 psik, Ty = 1220VK, ty = 0-21758

Components E Y. |
~ i
oo | 001s 0°2s 0-3s | 0-4s g
CH, 1 0-9995 0-9993 | 09991 ;
! 1 !

- I

C,Hg 166 x 202 | 343104 63x10° | 1.25 x 1077 |
s — .

i

Cotl, | 0-197 0+039 7.6 x 1073 | 1.5 x 1072
i ; :

It may be seen from this table that CH4, unlike CZHG and 02H4, is very
stable under ethylene oxide expicsion conditvions and lhe comparatively
large quantities of carbon together with the 02H6 and 02H4 in the

decompc siticn pruducts are unlikely to have been produced by the nyrolysis
of CH4. The small quantities of CpHg and CoHi present at the end of the

explosicn, together with the fact that ethane decomposas {(39)(40) neniily
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to give 02H4, CH4 and hydrogen, indicates that the pyrolysis of ethane
plays an important role in determining the final products of an ethylene
oxide decomposition explosion. It is suggested, therefore, that although
ethane is one of the primary products formed in the decomposition of
ethylene oxide most of it decomposes during the explosion to give elhylene
which then decomposes to give carbon, methane and hydrogen. The proposed

overall reactions for the decompositvion of ethane are as follows:-

CoHg -—-— CpHy + Hp VI (4)
= C+ CH4

CoH, T, VI (5)
- 20 + 2H2

Evidence in support of this suggestion 1s given in Figure 15 from which

it may be seen that an increase in the initial pressure from 4.66 psid to
30 psiA results in a decrease in CoHy and CyHg concentration togebher with
a corresponding increase in the amount of CH4, carbon and hydrogen
according to equation, VI (5). At pressuresabove 30 psih, the increases in
methane formation is probably due to an increase in the reactivity of the
methyl radicals present. The overall reaction mechanisms for the explouive

decomposition of ethylene oxide vapour can be sunmarised as follows:-

Col,0 —=> €O + CH, vi (6)
CoHy0 ~—3 CO + C + 2H, vr (7)
Cotl,0 — CO + —.}2{12}14 + H, VI (8)

02H40 ~% 00 + $,He + HH, VI (3)

[
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Traces of 002, HZO and 06H6 have also been detected in the products of
the explcsive decomposition of ethylene oxide vapour. The presence of
C6H6 probably arises from the mechanism of carbon formation,while the

presence of 002 and H20 is due to side equilibrium reactions of the type

co + = + HO r
3H2 e CH4 E, VI (10)

€O + H0 &= C0, +E VI (11)

2

The effect of the surface area to the internal volume ratio, S/V, on the
producits of decomposition of ethylene oxide vapour is iliustrated in
Figure 16. These results confirm that pyrolysis of 02H4 and C2H6 occurs
during the explosive decomposition of ethylene oxide vapour according %o
equations VI (4), (5). For vessels having a large S/V ratio, the heat loss
during the explosion results in a lower maximum explosion pressure and

causes less 02H4 and CZHG to be pyrolysed. For vessels with small S/V

ratio the reverse is true.

VI ¢ Heat transfer in closed-vessel explosions.
(1) The heat loss rate and the maximum explosion pressure:-

A quantitative study of the heat losses by radiation, convecthi.on
and conducsion in a gaseous explosion is most difficult. As Tar as
convection is cbncerned it is generzlly conceded that the rate of heat
flow from the hot gases per unit area of ths wall surface of the explosion
vessel is dependent: mainly on the temperature difference, the gas preszuve

and the degree of iurhbulence. A4lis0, the rate of heat loss by ccnvectior



will decrease as the size of the vessel is increased and in fact will be
dependent, in the main, on the ratio of the surface area to the internal
volume of the vessel. Radiation is no less complicated. Although it is
known from Stefan's law that the rate of heat loss for black body radiatic:.
is proportional to the fourth power of the absolute temperature difference.
radiation emission from gascous combustion products largely occurs in well.
defined frequency bands and the variation in the rate of heat loss with
temperature is uncertain.

In order to estimate the heat lossecs,it is assumed that the part
of the pressure~-time curve succeeding ‘the maximum explosion pressure is a
true cooling curve and that its slope represents the rate of pressure fail.
(- %%-), due to the overall heat losses. Trom this cooling curve, ihe

maximum rate of pressure fall, (- aE

it )max. will correspond to conditions

at the maximum explosion pressure, PE‘ The ma jor part of the heat loass
during the cooling process will be by convection and therefore can be

represented as

wiE

+ F=n(T-1) cal/s/on? VI (12)

. . . } 2 0
whare h, is the heat transfer coefficient, cai/s/cm / X
G, is the heat loss rate, cal/s
S, is the surface area of vessel, cm2

and T, is the gas itemperature Ko
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Now, {the heat loss rate; Q, can alsc bte expresscd as

Q=W G ar VI (13)
at

where ¢v is the mean molar specific heat of the gas mixture.

By combining equations VI (12) and VI (13), then

-2 - w1y VI (14)

Expressing pressure in units of atmospheres,

ar"

.h
dt n, ¢

I!m

(P" - %) vI (15)

Q

v

Integrating equation VI (15)

EH PN
- P _
log g_..______PE F ? = _h 5 __ . VI (16)
! P . BFK f ne cv 2.%03
{ I* %
A plot of log | TE = Pp | against 't' is shown in Figure 22 to
(P . P%F>

give straight lines whose slope, B, can be used to evaluate the ovesall
heat transfer coefficient; h, for cach explosion. The overall heat
transfer coafficients are corrclated with the maximum expiosion pressures
as shomn in Figure 23. Over the straight line part of the graph, the

following expressions are obiained:-
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=5 %, 0°5 :
h = 066 x 10 (Pg ) for exploding wire igniticn VI (17}
- .. 06
L = 052 x 10 3 (P;) for hot coil ignition VI (&)
¥

The maximum rate of cooling, - ( %%')max, can then be calculated from
equation VI (15). A summary of the results is given in Table A2, in
Appendix 2.

The rate of heat loss during the explosion period will vary from
zero at the instant of igaition to a maximum at the end of the explosion.
If it ig assumed that the rate of heat loss during the explosion period is
proportional to the area of a spherical flame of radius, ry, then the
equivalent rate of pressure decrease due to the heat loss is given by

S VI (19)
The radius of the spherical flame, T, can be estimated from the presswc--
time curve together with equation IX (6). Figure 16 shows that the arza
of the flame increases in proportion with the time of the explosion during
the greater part of the explosion period. Hence

2
r ALt VI (20)

Towards the cnd of the explosion period, contact of parts of the flame

with the vessel wall quenches the flame and the flame area is reduced.
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This is particularly so for explosions initiated by the hot coil,
Combining equations VI (19) and (20), the following expression is

obtained: -

&8 o 4 VI (21)
at
Thus the rate of heat loss during the explosion period varies linearly
from zero on ignition to a maximum at PE, and the loss during the

explosion is eguivalent to a decrease in pressure AP' which is given by

- 4P
P = 5 (TFx% by VI (22)
§
Hence the maximum explosion pressure corrected for heat loss, BE is

given by
P = PE + oP VI (23)

A summary of the results is contained in Table A3 in Appendix 2.

The maximum explosicn pressures can also be calculated from the
thermo-chemical properties of the recactant and the products of decompositiior
using equation VI (2). In order to make this calculation it is assvmed
that no digsociation of the products of decomposition occurs and that the
number of moles at the end of the explosion, n,, is equal to the number of

moles, np, after the products of the deccmposition have been cooled o Thz
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initial temperatvre, T.. Figure 25 shews the results for the meacured

I
valuss of the ratio of the maximum explosion pressure to the initial
pressure, EE/PI, the results when corrected for heat losses, Ph/PI, and

the calculated values, (PE/PI)c. It can be seen that when ethylene oxide
at low pressure is ignited, e.g. PI = 4.17 psill, a large quantity of heat
is lost during the explosion process and this accounts for the measured
explosion pressurc being 27% lower than the value corrected for heat loss.
At higher pressures; e.g. PI = 1347 psih, this difference is only 4-¢%.
The celculated maximum explosion pressures arey, on the average, 5% higher
than the experimental values corrected for heal losses. This discrerancy
may be attributed to two factorss firstly,the error involved in the
estimation of the rate of heat loss during the explosion, and secondly

the assumption that ng = Npe The latter assumption is not strietly true
because pyrolysis of some of the decomposition vroducts may occur during
the cooling process. Nevertheless the procedure adopted for the estimation
of the rate of heat loss prcvides 2 simple but adequate approach to the

solution of the complex problems associated with heat transfer in

explosion processes.

VI C (2) Effect of volume/ surface arca of the vessel on PE/PI'
The results for the effect of ithe voiume o the surface awea

ratio on PE/PI are shown in Figure 16. A comparison of the results wiih

(24)(26)

other workers is ghown in Figure 26, For vessels of similsy
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ratios, it is seen that the results of both Hess and Tilton's and
Burgoyne et al (24) differ from those obtained in this wor<. The reason
for the low values of PE/PI obtained by Burgoyne et al (24) has been shown
to be due to the use of a faulty pressure transducer. It is difficult to
comment on the low explosion pressure obtained by Hess and Tilton,(26)
because the experimental conditions were not specified accurately. For
example, although the authors mentioned that they had great difficulty in
measuring their explosion pressures and that they had employed several
pressure measuiing devices, they did not cpecify which one they used to
obtain their results. Also,; their result on the effect of V/S on BE/PI
referied to an initial temperature between 30 and 4000. It is shown in
Figure 17 that for an ethylene oxide expiosion at an initial pressure of
14+7 pesild, a temperature increase from 30 to 40°C will increase the
explosion pressure by b Thus, even if it is assumed that Hess and Tilio:.
worked at the maximvm temperature of 4000, their measured explosion prescnie
are still low compared to the results obtainca in this work. One »ncasibie
explane tion for this discrepancy i=s that although their vessel may have

the same volume to surface area ratio as that used in this invesiigation.
geometrical factors such as the length wo diameter ratio of the vessel o
the differance in the orientation of the vessels may have increased tue
amount of ethylene cxide which remained undccomposed and hence lowered th

explosion pressures.,
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A decrease in the maximum explosion pressure can be caused by
a decrease in the volume to the surface area ratio of the vessel and also
by an increase in the amount of ethylene oxide vapour which remains un-
decomposed at the end of the explosion. Therefore in order to study the
effect of the ratio V/S of the vessel on the mximum explosion pressure,
it is necessary to correct the measured explosion pressures to correspond
to a situation in which all the ethylene oxide vapour is decomposed. The
calculated corrections are summarised in Table A4 in Appendix 2c. If it
is assumed that the cooling rates calculated in the preceding section are

applicable to vessels of different V/S ratios, then from equations VI (15).

(22), (23)

PP - P =aP = %t, DhRIE

(P, -PB ) VI (24}
Eo Eo PE v

Eo Ro

S
\j

where Pﬁo repregents the maximum exzplosion presswre which occurs when all
the gas decomposes assuming that no leat loss occurs. As the V/S of the
vessel changes, the total explosion time, tt, and the heat transfer
coefficient, h, will also change. In order to study the effect of V/S

on PE/PI’ it is necessary to study the hehaviour of the function

hR
3¢, BE

S Hence from equation VI (24), the following relation
E \Y

is obtained:-
h RTE _S‘ o

i b By
2 + T . . e le] o O
Pg, - b E Sy v °y_ —X TT (2%}
P 1 h RP S ST
L 1+ (3 by E =)

Pp 6y V
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Equation VI (25) may be expressed more simply as

")l
P X PEO + PFO
Lo = T PT VI (252a)
PI i + X
where
1 - 4 hRz s VI (26)

\J

The results of specific experiments for which the values of EEQ and
P
I

BFo are known, enabled the plot of ;EO against X shown in Figure 27

P

I P

to be constructed for arbitrary values of X. The values of 522_ and X
I

evaluatel from experimental observations have been superimposed on Figure
27 from which it may be seen that the various points fall near the approp-
riate curve suggesting that equation VI (25) is in accord with experimental
observaiions. This is substantiated by inspection of Figure 27 which shows
that:-
(1) as the ratio V/S of the vessel is increased to an infinite

value, the ratio PEO/PI approaches PL.:O/PI asymtotically.
(i1) for vessels of small V/S ratio, excessive heat is lost and

the value PEO/PI tends towards the value RFO/PI'

It is therefore concluded that there is no direct relationship
between'V/S and PE/PI’ factors such as the total explosion time- the hcat

transfer coefficient and the amount of ethylene oxide remain
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undecomposed will always be closely ascociated with changes in the size
and shape of the vessel. The relationship between all these factors
being represented by equation VI (25). In view of this it is unadvisable
t0 extrapolate the lines shown in Figure 19 into regions for which

experimental results are not available.

VI C (3) Effect of initial gas temperature on PE/PI"

Figure 17 shows that Py/P; increases from 56 to 7-6 as the
initial temperature is increased from 20 to 60°C end “hen decreases as
the temperature is increased above 60°C. It is shown in Figure 13 that
the increase in PE/PI is due to the decomposition of increasing amouits
of ethylene oxide. At temperatures above 60°C nearly all the ethylene
oxide vapour is decomposed and the drop in PE/PI arisea as a consequence

of the higher initial temperature.

VI D Wall quenching of the ethylene oxide decomposition flame.

VID (1) Introduction:-

Whenever a gaseous explosicn oceurs in & closed vessel there is a
small but finite quenched layer at the wz2ll surface that remains umummt-
This unburnt layer, or guenched zone, is frequently known as the 'dead
space'. The thickness of the 'dead space' is not constant, for becides

being depenient on the explosion mixture, the vessel iemperzture and “he
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explosicn pressure, it is also affected by such factors as the degrse of
turbulance and the shape and size of the vessel. During an explosion.

the quenching of the Flame by the vessel wall will not occur simultancously
at all points on the flame front, neither will it produce a dead space which
is uniformly thick. In view of these factors, the percentage of the ethylenc
oxide vapour which remains undecomposed can be regarded only as an indicat-

ion of the mean thickness of the ‘dead space'.

VID (2) The effect of various factors on the percentage of ethylene

oxidc remaining undecomposed.

FPigure 13 shows that for vessel temperature above 80°C, the
percentage of undecomposed ethylene oxide decreases only slightly with
increasing temperature. However, for vezsel temperatures below e0c, the
amount of ethylene oxide remaining undecomposed increases rapidly. The
reason for this is that during the evplosion, some of the ethylexe oxide
vapour condenses on the vessel wall, where it remains undecomposed; unitil
it is finally revapourised and mixes with the decomposition products.
Condensation of ethylene oxide vapour will always occur if the explesion
pressure exceeds the saturated vapour pressuire of ethylene oxide at the
vessel temperature. For the data presented in Figure 13, the maximua
explosion pressure are such that no condensation occurs at vessel
temperatures above 80°C; hence temperature has only a slight effect on

the amounlt of ethyiene oxide remaining undecomposed.
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At a temperature of 100°C, the saturated vapour pressuce of
ethyiene oxide vapour is 195 psiA, Therefore, at maximum ¢xplosion
pressures in excess of 195 psii, condensatiocn of ethylene oxide is likely
to occur at the wall of the vessel. It may be seen from Figure 22 that
at pressures greater than 200 psih, the percentage of undecomposed ethylen:
oxide decreases slowly to a constant value of ng%. If no confensation
occurs and all the ethylene oxide vapour remaining undecomposed comes irow
the wall quenching process, then the amount of undecomposed ethylene oxide
will depend on ke maxinum explosion pressure. This was found te be soj;
for explosion pressurec below 200 psii; the amount of undecomposed ethylene
oxide vapour increases steeply until flame propagation fails. A plot of
the percentage undecomposed ethylene oxide against 103/PE is also shown
in Figure 20, which gives a straight line through the origin for low
explosion pressvres. Hence it may be concluded thet if fthere 1s no
condensation, the percentage of undecouwposcdl etbylene oxide is inverssly
proportional to the mexiium explosion pressure developed during the
explosion.

The ratio S/V of the vessel was altered in the usual munner by
inserting appropriate liners into the vessel, Figure 29 shows *that
increasing amcunts or ethylene oxide memeined undecomposed for those
vessels with large S/V ratioas. Although this result conforms with tue
wall quenching process, it must be bornc in wnind 4that other factors sneh
as the shape and dlemeber of the vessel will also influence the amowne of

undecomposed ethylene oxide.
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(1)

It has been shown that with a laminar flame prodvced Ly
hydrocarbon air systems, the quenching distance is dependent on the fuel

to air ratio and is always & minimum at around its stochiometric com-
position. Thus in the case of the explosive decomposition of ethylene
oxide vapour, the reaction rate should influence the amount of undecomposed
vapour when its decomposition rate is progressively reduced by additions. of
inert diluents such as nitrogen and carbon dioxidr. It was found that
increasing amounts of ethylene oxide remained undecomposed as the percentage
of the inert diluent is increased as shown in Figure %0. 1% is interesting
to note that this figure closely resembles a typical quenching distance
versus fuel-air ratio curve in that the minimum quenching distance

corresponds to the case of pure ethylene oxide vapour.

VID (3) Relation hetween the uniecomposed ethylene oxide vapour, the
thickneas of the dead space and the quenching distance.
The effect of pressure on the quenching distance for an ethylune

(35)

oxide decomposition flame has been studied by Courtney et al using an
apparatus in which high energy sparks were discharged between two circuiaw

flat plates. The results obtained may be represented by equation VI (7).

]

dq me at 175% vI (27)

where P* is the pressure in atmospheres. I is apparent that the perzent-

age of undecomposed ethylene oxide and ithe quenching distaaces toth ey
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an inverse pressure law. It is therefore concluded. that the percentage of
undecompogsed ethylene oxide vapour is proporticnal to the nuenching
distance.

Direct experimental evidence that this is true was provided by

Gottenberg et al (41)

in their study of flame auenching process in a
combustion clhamber. Besides measuring the amounl of hydrocarbon unburni
at the end of the cxplosion process, they also inserted a variable width
quenching slot in the comvustion charber to measuro the quenching distance
directly and found that the latter was apnrozimately directly proporiviona).
to the percentage unburnt hydrocarbon. In view of this result it is of
interesy o see if there is relation between the mean thickness, g y OF

the 'dead space' anl the guenching distunce, d of the ethrlene oxide

q9
decomposition flams. An approximate estimation of the thickness of the
'dead space' can be made by assuming that all the undecomposed ethylene
oxide vapour comes from a quenched zone of uniform thickness, S y Which is
at a temperature TI’ and that none of this quenched ethylene oxide vapouvr
is deccuposed after the attainment of the maximum explosion pressure, 3EL
Then the ratio of the quenched volume, Vq,.to the volume of the voessel is
given as

Yo . 38 VI (28)
v A2



By applying the ideal gas law to the quenched volume and the volume

the vessel, it may be shown that

v = % BRI VI (29)
Py
RT

and V = n I VI (30)
P

Combining VI (28), (29), (30), the thickness of the quenched zone is

given by

cms VI (31)

&=
wni

1xE

of

From Figurc 31 it may be scen that at pressures above 13 atms. the thick-

ness of the quenchad zone does not ehange much with increasing pressure

because of the condensation which occurs. However, for pressures below

13 atms., the thickness of the quenched zone increases rapidly. If a
straight line is drawn through the three low pressure points of Figum

a slope of 0+*5 is obtained indicating

6 s

i‘."

VI (%2)

0

1}

e 31.
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However, much more work needs to be done to confirm this. On extra-
polacing the quenching distance result of Courtney et al (35) to conditione
of 4 atms., a quenching distance of 0+25 cms is obtained at 175°C; whereas
the thickness of the quenched zone is only 0-009 cms. at 100°C. The much
smaller value for the thickness of the quenched zone is probably due to the
highly turbulent nature of the decomposition explosion as compared to the
method (55) by which the quenching distance for the decomposition flame wes
determined., Another factior that may reduce the calculated value for the
thickness of th: quenched zone is that some of the ethylene oxide vapour
in the quenched zone may be decomposed during the cooling process following
the explosion.

Danjel (42) has shown by means of photographs of flame radiation
in a single cylinder internal combustion engine using a propane-air mixture
as fuel, that a guznched zone exists at the wall of the combustion chamber
at the time wheu the flame front passes the wall surface. In addition, he
has presented data which indicates that there is reasunable agreement
between the width of the quenched zone and the flame quenching distance
calculated c¢n the basis of Friedman and Johnston's (43) work for comparable
operating conditions. This result is rather surprising,for in the case of
Daniel's apparatus (42), the explosicn process will prcduce turbulencc in

(43)

the quenched zone, whereas Friedman and Johnston determined the
quenching with the gas mixtures flowing under essentially laminar con-

ditions.
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It may be concluded that all the undecomposed ethylene oxide
vapour must have come from the wall quenching process and therefore will
be related to the gquenching distance of the decomposition flame. Although
the results of this work, indicate that the percentage of ethylene oxide
undecomposed at the end of the decomposition explosion is proportional
to the quenching distance of the decomposition flame, further work is

needed to confirm this.

VI B Conclusion:

The explosive decomposition of pure ethylene oxide vapour has heen
studied under various conditions, such as the initial vessel temperature,
initial pressure and size and shape of the explosion vessel. The producis
of the explosive decomposition were analysed and it was confirmed that the
formation of meilmne was favoured at high pressares and that of ethyienz
at low preséures. It wac .concluded that the carton deposited during the
explosion came from the pyrolysis of ethane and ethylene. It was aliso
found +hat a small, but finite amount of ethylene oxide vapour remiined
undecomposed at the end of the explosion. Experimental evidence indicaten:
that the undecomposed vapour occurs mainly as a result of the wall quench-
ing process. In addition, under the experimental conditions studisd, the
percentage of the undeccmposed ethylene oxide was found to be proporiional

to the quenching distance of an ethylenzs oxide decomposition flane,



119

The maximum explosion pressure attained during an ethylene oxide decom-
position explosion was found to depend on the initial temperature, pressu:
am volume to surtace area ratio of the vessel., Heat loss factors were
found to be the main cause for the lowering of the maximum explosion
pressure. However, for an initial vessel temperature of 10000, it was
calculated that the ratio of the maximum explosion pressure to the initial
pressure could never exceed ten irrespective of the initial pressure of

the ethylene oxide vapomxr, or the shape and size of the vessel.
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CHAPTER VII

ADDITION OF INERT GASES.

VII A Method of determining the Limit Concentration for Flame Propagation:
Inert gases such as nitrogen, steam and carbon dioxide have been
employed to suppress the explosive decomposition of the pure ethylenc oxide
vapour. The method employed in this work for determining the limit con-
centration for flame propagation was to measure explosion pressure developed
by a series of mixtures when ignited by an exploding wire. Figure (32)
shows typical results obtained for the effect of mixture composition on
the ratio of the maximum explosion pressure to the total initial pressure.
It may be observed that the ratio of the maximum explosion pressure to the
total initial pressure decrzases slowly and approximately linearly with
initial sdditions sf the inert diluents. However, near the limit com-
position, the ratio of the maximum explosion pressure to the initial
pressure drops rapidly to a value of 1+5 and thereafter gradually fall
towards unity. The limit composition for flammability was taken as that
composition at which the maximum slope of tha curve cuts the abscissa ai
PE/PIT = 1. The error involved in obtaining this limit composition was

estimated to be within * 1%.
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The propagation of a flame depends on the transfer of energy
from the burnt gas to the neighbouring unburnt gas, and in a limit
mixture the amount of energy for transfer is only just enough to maintain
flame propagation. Therefore, anything that reduces the available energy
will affect the limits and, it is necessary to make observations in vessels
wide enough so that wall cooling effects are negligible. The limit com-
positions for the propagation of the ethylene oxide decomposition flame
was studied in vessels of internal diameters 4.5 ins., 3%-75 ins. and

1.5 ins. and the results are shown in Table 8.

TABLE 8

Bffect of vessel Diameter on the flammability limit.
; i
| VESSEL LINER I ‘ LINER II i
Tt | Fr : E -
D = 45" L/D = 2:25/D = 375" L/D = 2.25/D = 1-5'“1‘/1) = 6°76
: .
°c {PSIA PERCENTAGE  NITROGEN  BY  VOLUME {
|
60 |14-7 24 24 20 :
60 | 25 28 29 23 ‘
| |
100 |14-7 33 34 27 ,
100 | 25 37 37 29 f
! ! i
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The amount of nitrogen required to suppress the explosive decomposition

of the etnylene oxide vapour was found to be little affected by vessel

size for vessels having internal diameters larger than 3-75 inches. However,
for vessels having internal diameters less than 3.75 inches, wall quenching
of the flame is likely to alter the limit composition as is the case, shown
in Table 8, for a vessel of 1+5 inches internal diameter. It was concluded
therefore that the limit determinotions should be carried out in the vessel

having an internal diameter of 4+5 inches.

VII B Results:-

B (1) Products of decomposition:-

The products of the explosive decomposition of ethylene oxide
vapour in the presence of inert diluents such as nitrogen, steam and carbon
dioxide were analysed and the results are shown in Figures 33, 34 and 35
respectively. It may be seen that tkz presence of an inert gas tends to
increase methane and to decrease hydrogen and carbon formation in the final
decomposition products. On approaching the flammability limit, the amount
of methane formed per mole of ethylene oxide decomposed begins to decrease
sharply with subsequent increaséﬁéthylene formation to a limiting value.
Although flame propagation did not occur on the lean side of the limit

composition, about 5% ethylene oxide vapour was found to have dzcompogsed.
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EFFECT OF STEAM ON THE
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Since an error of 1% in the analysis of undecomposed ethylene oxide would
have led to an error of about 20% in determining the amounn of ethylene
oxide decomposed, it was necessary to adopt an alternative procedure to
estimate the moles of product per mole of ethylene oxide decomposed. If

it is assumed that one mocle of carbon monoxide is always formed per mole

of ethylene oxide decomposed, then the products formed per mole of ethylene
oxide decomposed on the lean side of the limit can be expressed relatively
accurately. It may be seen from the results shown in Figures 33, 34 and 35
that at the flammability limit the same product composition, given in Taltle

9, is obtained in the presence of each of the three inert diluents.

TABLE 9 Decomposition products at the I{lammability limit.,

o = &
PI = 25 PSIA TI 1007¢C
co CHy Hy CoHy " | CoHg | runbalanced
CoH,0 | Coliy0 Colig0 0oH,-0 Coliy0 carbon

1-0 0-55 045 0-13 0-05 ¢.09




B (2) Flammability Limits:-
The amounts of various inert gases required to sunpress the

explosive decomposition of an ethylene oxide vapour is shown in Table 10.

TABIE 10 Limit Composition of different inert guses.

_ _ Q
P = 25 PSIA T, = 1007C
' r
I Limit Composition |
Diluent ) .
% diluent ¥ 1% o
— |
;, 37 0-588 '
H,0(2) 52 0-471
o, | 26 0352 |

The effect of temperature on the amount of inexrt diluents
required to suppress the decomposition has been studizd in the zemperavu.~
range 20°C to 100°C and the results obtained for varions initial prvuial
pressvre of the vapour are shown in Figure 36. It is apparent thet an

increasing amount of inert diluent is required to suppress the expliorion
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when the initial temperature is increased from 20 to 10000. For example,
at an initial partial pressure of the ethylene oxide vapour of 14-7 PGIA,
16% nitrogen was required at 20%C to suppress the decomposition explosion
compared with 35% at 10000.

The effect of the initial partisl pressure on the amount of
nitrogen required to suppress the decomposition explosion is shown in
Figure 37. It may be seen that more nitrogen is required at higher

pressures.

VII C Discussion on Results.

(1) Products of decomposition:-

Figures 33, 34 and 35 show that the addition of different inert
diluents increases the fommation of methane to & maximum quantity of 0-7
noles per mole of ethylene oxide decomposed and that at the flammability
limit the composition of the decomposition products is the same
irrespective of the diluent. It is therefore apparent that the differen:
inert diluents employed in this work all mmve the same influence on the
decomposition mechanism of the ethylene oxide vapour and that its
sliabatic limit flame temperature is not influenced by the nature of the
inert diluents., In support of this view, Figure 32 shows that each inerti
gas reduces the ratio of the maxiuum explosion pressure to the total

initial pressure to a limit value of 5¢1, which corresponds to a mewsn
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maximim explosion temperature of 950°K, below which flame propagation
fails. The increase in methane concentration and the simultaneous decrease
in carbon and hydrogen concentrations in the decomposition products when
an inert gas is present are probably associated with the complex process

of pyrolysis of ethane and ethylene to give carbon, methane and hydrogen.

VII ¢ (2) Effect of various inert diluents on flammability limit:-

It has been established in the previous section that the 1limit
flame temperature of the ethylene oxide decomposition is littk affected
by various inert diluents. Now according to equation III (23) which gives

the limit flame temperature,. TfL as

A [TI PR B 1 . Iz (23)
. N

% C_,. = constant VI (1)

A plot of the molar specific heat of the diluent gas, C__, against the

pN
reciprocal of the molar ratio of the inext gas to ethylene oxide vapour,
ﬁ; is shown in Figure 38 which gives a siraight line through the origin

and confirms the validity of equation VII (1). Other evidence in suppors
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for the assumption that the adiabatic limit flame temperature is little
affected by inert diluent was provided by Egerton and Powling (53) in
their study on the flammability limits for hydrocarbon-oxygen-diluent
systems. However, thesé workers reported that when helium was used as an
inert diluent, the adiabatic limit flame temperature of a particular fuel
mixture was greatly increased. Egerton and Powling (53) attributed this
effect to the high therml conductivity of the helium gas which increases
the heat loss from the flame and therefore raises the adiabatic limit
flame temperature since additional fuel must be added to the correspunding
lower limit mixture to obtain a propagating flame. Nevertheless, equation
VII (1) can be used as a guide to estimate whether or not a mixture of an
inert gas and ethylene oxide vapour will propagate a flame, provided the
thermal conductivity of the inert gas is similar to those of nitrogen,
steam and carbon dioxide. As can be seen from Figure 28, inert diluents
of high specific heat will have the greatest effect in suppressing an

ethylene oxide decomposition explosion.
VII C (3) Effect of initial temperature on the flammability limit.

Figure 36 shows that the amount of inert diluent required %o
suppress the ethylene oxide decomposition explosion is temperature dependsi:

In view of this result, it is surprising to find tlut the two previous seds

(26) (24)

of workers, Hess and Tilton and Burgogne et al assumed thav the
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amount of nitrogen required to suppress the explosive decomposition of the
ethyiene oxide vapour was independent of temperaturc. However, in
correlating the results of Hess and Tilton(26) at 500 - 40°C and Burgogne

(24)

et al at 125°C with this work, it can be seen in Figure 39 that all

the results agree fairly well, It is therefore concluded that the original

discrepancy between the results of Hess and Tilton (26)

and Burgogne et
al (24> arose, not as a result of the use of different igniting sources,
but because the amount of nitrogen needed is temperature dependent.

Hess and Tilton (26) worked at a temperature range of 300 - 4000 arnd
this was too narrow a working temperature range for them to assume that
the amount of inert diluent required was independent of temperature.

Burgogne et al (24)

studied the effect of temperature over the range of

89°%C to 184-5°C but found tlmt the amount of nitrogen needed to suppress

the explosive decomposition of the ethylene oxide vapour under a partial
pressure of 85 PSIA was constant to within t 2%, The only plausible
explanation for their result is that polymerisation of the ethylene oxide
vapour occurred at the higher temperature and pressure during the half

hour which was allowed for the mixture of ethylene oxide and nitrogen to

mix before ignition. A reduction in the amount of ethylene oxide original’l:
present would have reduced the amount of nitrogen needed to suppress ihe

decomposition, Polymerisation of the ethylene oxide vanour has been

reported by Walters and Smith (38) to occur at a measurable rate at 135°Cc
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If it is assumed that the flame temperature for a limit com-
position is independent of the initial temperature, then the relation

between the flammability limit and temperature can be expressed as

TN

1 - C } IT (25)
L1 _ &
E Agﬁ% (T2 - TI )

where

o

IIT (26)

(e]]
=

The values of Ep and #H, in equation ITI (25) were calculated from the
product of decomposition at the flammebility liwit, (see Table 9), which
gave Ep = 22.65 cal/mole and/.\HD = 237200 cnls,/nola: The corresponding
limit flame temperature being 12300K + 10°, By substituting the values of
G, erd AT in equation ITI (25) and taking Ty = 60°C and %; = 0-389, the
values for<><2 as a function of temperature 'I‘2 were calculated as shown in
Figure 39. Although the results zre in agreement at the lower temperaiturcs-
the calculated values of 0{2 at higher temperatures are slightly lowex than
the observed values, This is attributed to the fact that the observed

values of c<2 were based on constant partial pressures of the ethylene oxide

vapour whereas the calculated values of & o is based on the constant total
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initial pressure. It is shown in Figure 40 that increasing the total
initial pressure will reduce the 1limit flame temperature and thus more
nitrogen will be required to suppress the ethylene oxide decomposition
explosion. If this pressure effect were to be taken into account, it is
believed that a better agreement between the observed and the calculated
values of =, would be obtained at higher initial bemperatures. It is
therefore concluded that a knowledge of one limit composition at a
specified temperature and pressure, enables the limit composition at any
other temperature but at the same pressure to be estimated by equation

III (25). Similar procedures ave been employed by Pechkin (52) and

White (58).

VII C 4. Effect of Pressure on the limit Composition:-

Figure 37 shows tiat as the partial pressure of the ethylene
oxide vapour incrceases, an increasing amount of nittrogen is required to
suppress the ethylene oxide decomposition explosion. This result is in

(24)

agreement with the findings of Burgogne et al » hence the assumpiicrn

2
(26) that the amount of inert gas requiredi for the

made by Hess and Tilton
suppresgion of the decomposition explosion is independent of pressure is
incorrect. The increase in the amount of nitrogen required to supLrcss

the explosive deromposition of the ethylenc oxide vapour at higher partial

pressures may be accounted for by itwo factors., TFirstly, it has been shewr
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in Chapter VI B that at higher initial ethylene oxide partial pressures

an increasing amount of heat is liberated per mole of gas Aecomposed and
consequently more nitrogen will be required to reduce the flame temperature
to the limit flame temperature. Secondly, an increase in pressure is
thought to reduce the limit flame temperature and thus increase the amount
of nitrogen required to suppress the ethylene oxide decomposition
explosion, If it is assumed that the amount of heat liberated per mole

of ethylene oxide decomposed at the limit composition, & Hp, is approximately
constant and is independent of initial pressure, then it is possible to
estimate the adiasbatic flame temperature of the limit mixtures at various
pressures by using the data in Table 9 and applying equation III (23).
Figure 40 shows that the effect of pressure on the adiabatic limit flame
tenperature is greatest at low pressures., Similar conclusions were drawn
by Zabetakis et al (53) in their study on the erfect of pressure on the
adiabatic flame temperatures for lower limit compositions of natural gas
and air mixtures. It is therefore apparent that there exists no simple
mathematical relationship between the limits of flammability and pressuze,
but the general trend is that an increase in pressure always increases th.
amount of inert diluent required to suppress i{he ethylene oxide decompos-

ition explosion.
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The calculated adiabatic limit flame temperature of 1284°K
at a total initial pressure of 147 PSIA is low compared tc¢ the value
of 1750 t 20°K (54) for most hydrocarbon-air mixtures, and according to
Egerton and Powling (53), the adiabatic flame temperature of low limit
mixtures in air increases from 1628°K to 1973°K for the corresponding
increase in the paraffin series from methane to iso-octane. However, it
is difficult to compare data obtained by various investigators because
they are governed by the type of apparatus used; nevertheless, each
investigation may give consistent results. It is therefore concluded
that the adiabatic limit flame temperature of 1284o K obtained in this
work cannot be regarded as an absolute value for estimating limit mixtures
of ethylene oxide and an inert diluent under different experimental con-
ditions, such as a flat flame burner., However, the limit, as determined
by various apparatii vary little, and therefore the results obtained in
this investigation will serve as a useful guide for assessing hazards
involved in the safe handling of the ethylene oxide vapour. A summary
of the results on the flammability limits of ethylene oxide vapour is

shown in Table A 9 in the Appendix.

VII D. Conclusion.
The amount of inert diluent required to suppress the explosive

decomposition of the ethylene oxide vapour was found to depend on both the



initial temperature and pressure and the results obtained agree well

(24)(26)

with those obtained by the previous workers.

(26)

The disagreement

between the results of Hess and Tilton (24) may

and Burgoyne et al
therefore be explained by the fact that both these workers assumed that
the flammability limit was independent of the initial temperature. The
assumption that the limit composition was also independent of pressure

26
made by Hess and Tilton (26) was therefore also in error. Since Shell

(63)

Chemicals based their chart for the safe handling of ethylene oxide

data on the limit results obtained by Hess and Tilton (26)

s it has been
revised as shown in Figure 41 in the light of the results obtained in
this investigation. It may be seen from Figure 41 that the 39% Ny
recommended by Shell on the basis of Hess and Tilton's result is in-
sufficient to suppress the decomposition at high temperatures and pressure:.
This revised chart, if accepted by the Chemical Industry, should reduce the
hazards involved in the handling of ethylene oxide.

The adiabatic flame temperature of limit mixtures of ethylene
oxide vapour and inert gases has been fourmd to be relatively independent
of the initial mixture temperature and the type of inert gas .used. From
these observations, a simple mathematical relationship has been derived
for the effect of temperature and the specific heat of various inert gases
on the limit composition. Increasing pressure reduces the limit flame

temperature in a complex way and no simple relationship between the cal-

culated adiabatic limit flame temperature and pressure was found.
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CHAPTER VIII

ADDITION OF VOIATIIE DILUENTS

VITI A Introduction:-

| The primary object of this work was to study the hazards involved
in the haniling of volatile mixtures of ethylene oxide and various sub-
stances that are of importance in industrial practice. For this reason,
the flarmability limit compositions for mixtures of ethylene oxide/methanoll
ethylene oxide/propylene oxide, and ethylene oxide/ammonia were determined
at an initial vessel temperature of 100°C,the partial pressure of the
ethylene oxide vapour in the mixtures being maintained at 25 PSTA. ilach
mixture was tested first to see whether or not the volatile diluents
reacted with the ethylene oxide vapour before ignition. This was done by
allowing a 25% diluent mixture to stond in the vessel for an hour so as %¢
observe any pressure drop that occurred. It was found that with ethylenc
oxide mixtures with methanol and propylene oxide. there was no observable
change in the pressure. However, in ih2 case of a 25% ammonia mixture the
total pressure decxreased 11% after an hour. Ia view of this, only five
minutes was allowed for the ethylene oxide/ammonia system to mix befuire

ignition instead of the usual half-an-hour.
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The secondary object of this work was to study the effect of
these volatile diluents on the limit temperature for the ethylene oxide

(59)

decomposition flame. It is known that methanol and propylene oxide

8)(1

( )( 4) undergo thermal decomposition at temperatures above 40000; hence
it was thought that each of these diluents would play a chemically active
part in the ethylene oxide decomposition flame and would influence the

limit flame temperature depending on whether the decomposition product

have an inhibiting or promoting influence on the flame propagation mechanism

VIII (B) Results:-

The products of the explosive decomposition of the ethylene oxide
vapour with methanol, propylene oxide and ammonia are shown in Figures 4Z,
43 and 44 respectively. The analysis of the products of decomposition on
the lean side of the limit composition has also been carried out and the

result at the flammability limit is given in Table 11.

TABIE 11l: Products of decomposition at the flammability limit

for various volatile diluent with ethylene oxide vapour.
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Limit Compoesition Product per mole of mixture
Diluent ‘
| Diluent . unbalance
W % diluent | CO CH, | H, |C,H,|CyH, c
l 1
CHBOH 0-1904 16 I 1.0 0+56 [0+53 |01 {0.04 -
CH3.Q§{9H2 0+333 25 1.0 0-62 {041 {0-18(0.08 0-11
NH3 i 0316 24 0476 0-418'0~342i0-1 0.0%8! 0.068

VIII (C) Discussion on Results:-

VIII (C)1.FPlammability limit composition:-

The results in Table 11 shows that vapour mixtures of ethylene

oxide/methanol, ethylene oxide/propylene oxide, and ethylene oxide/ammonia

containing mores than 16%, 25% and 24% of the respective diluent are not

flammeble. In industrial practice, these mixtures are usually employed

in the liquid state and it is of interest to consider the corresponding

liquid phase which might in certain circumstances produce flammable vapouxr

mixtures. Two such circumstances will be considered.

(1) - The vapour mixture composgition is the same as the liguid mixture

composition; this condition will arise if the liquid mixture is

allowed to evaporate rapidly.
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(2) - The vapour mixture is in equilibrium with the liquid mixture;
this condition will occur when the liquid mixtures are confined

in a closed vessel.

Case 1 is straightforward since the limit diluent/ethylene'
oxide vapour ratios can be used to determine the corresponding limit
liquid mixture ratios. Thus, the limit ratio of liquid volumes can be

represented as

/)y - - B S VIII (1)
“ Vg’ 110, B Ao

where o« is the limit diluent/ethylene oxide vapour ratio, and Nb/ME and
/%yoaﬁgare the ratios of the molecular weights and densities respectively,
of the liquid diluent and ethylene oxide. It is not suggested that a
liquid phase mixture hawing the compisition given by equation VIII (l) is
capable of being ignited in the liquid phase, but that a mixture of this
composition will produce a vapour of limit composition.

The assumption is made for case (2) that the partial pressures or
the vapour above a liguid mixture can be expressed by Raoult's RLaw which

gives

P = N PO VIIT (2)
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where Nx is the mole fraction of component 'x' in the mixture, and
P; is thc vapour pressure of the pure liquid 'x' at the temperature of
the solution. Under these conditions, the limit ratio of liquid volumes

of diluent/ethylene oxide can be expressed as

u<€

i y- PO
= = x = /8 . B Vil 3)
' VB /L. Mg %) 2

By comparing equations VIII (1) and VIII (3) for case (1) and case (2)

the following relation is obtained,

V. v p°
( = = £ x E VIIT (4)
E’ 1IQ.2 E 1LIQ.1 Py

where the subscripts 1, ond 2 represents cases 1 and 2. The data for

the two cases are summarised in Table 12

TABIE 12: Limit Compositions of Vapour and Liguid iixtures.

|0 i

Mg {Ap B3 100°C o ﬁ%E“Eggﬁ‘ B
Ooty® - CHOR 071 | 1098 | 3-75%) | 0-1904| 0-148] 0-555 _‘
co,0 - B3 ELH 11310] 1,07 [2.1200) [ 00335 | 047 | 0905 |
C4H,0 - N, 0-386] 1-302 | 0-224{0) 6.316 | o0-17 00‘3“:/1”#’
02H4O -_HZO 0-409| 0-898 [13.28 (60)i0'471 | 0-173 | 023 _}
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The result for steam is included in the above table because liquid
ethylene oxide and water mixtures occur in practice in the manufacture
of ethylene glycol. The order of volatility of the compounds studied is
NH C,H,O c,HO > CH
3 > G 7 O 3

of diluent required for rapid and slow vaporisation (Case 1 and 2,

OH > HZO. A comparison of the amount

respectively) shows that for diluents which are less volatile than
ethylene oxide, more diluent is required to form non-flammsble mixtures

if these mixtures are vaporised slowly than if they are vaporised

rapidly. Conversely, ammonia is more volatile than ethylene oxide and
therefore less ammonia is required to form non-flammable mixtures if these
mixtures are vaporised slowly than if they are vaporised rapidly. Care
must be taken in practice to ensure thaé vapour mixtures originally classed
as non-flammable do not become flammable as a result of condensation
enriching the ethylene oxide content of the vapour mixture; this may
occur in the case of ethylene oxide mixtures with methanol, or propylene
oxide or steam. Also non-flammable equilibrium vapour mixtures of
ethylere oxide/ammonia above their liquids may become flammable if the

liquid mixture is allowed to vaporise rapidly.

VIII (C) 2 Products of Decomposition.
Figure 42 shows that for each quantity of methanol added to the
ethylene oxide vapour, there is a corresponding increase in the amount oI

carbon monoxide and methane formed per mole of ethylene oxide vapour
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decomposed. It is therefore apparent that for every mole of methanol
decomposed one mole of carbon monoxide is produced and that the methane
must have come from the interaction between a methyl radical and the
methanol molecule. A tentative proposal for some of the radical reactions

involved in the decomposition of methanol is shown as follows:-

R + CH;OH —> RH + CHyOH VIII (5)
CH,OH —> HCHO + H VIII (6)
H CHO -—* H + CHO vimz (7)
CHO —» CO+H VIII (8)

where R represents a CH3 radical or H ajioms present in the ethylene oxide
decomposition flame. It can be seen that the decomposition of one molecule
of methanol produces three hydrogen atoms which are available for further

radical rezctions of the type

H+ 02H4O —  H, + 02H3o VIII (9)
H+ CH;0H -— H, + CH,CH VIII (L0)

The presence of larger quantity of hydrogen in the dscomposition preoducts
compared to the case when inert diluents were added, (see Figure 33%),
supports the proposed reaction mechanisms. Near the flammability iimit,
the drop in methane concentration is due to the fact that less ethyicine is

being pyrolysed, (see Chapter VI).
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In the case of ethylene oxide/propylene oxide mixtures,
Figure 4, shows that for each quantity of propylene oxide added to the
ethylene oxide vapour, an equivalent amount of carbon monoxide is
produced in the decomposition procducts. However, the increase in the
methane formation was found to be larger than the equivalent amount of
propylene oxide added. For example, an addition of 0+2 moles of propylene
oxide to one mole of ethylene oxide vapour was found to increase the
amount of carbon monoxide and methane by 0+2 moles and 0429 ﬁoles
respectively per mole of ethylene oxide decomposed. It is also shown
in Figure 4% that an increased amount of unbalanced carbon is formed as
the propylene oxice content of the vapour increases. It is known that

propylene oxide decomposes (8) in the following manner:-

CH, - CHC -~ C H + CO
N 276

hence, the results can be explained on the basis that the following

reactions take place in the ethylene/oxide decomposition flame:-

R -+ H-CH-CHZ—-*-RH+C‘IZ~CH'CH2 VIIT (33
CH, « CH*CH, ~ G H. + 0O vIiT {12)
No” 275
C2H5 — C2h4 + | VIOI (18)
2C + 21
CH « 2 VIO (1)
24 > ¢ + CH

4
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The larger quantity of ethylene found in the decomposition products near
the flammebility limit compared with systems containing an inert gas
(see Figure 33) support the proposed reaction mechanism.

The analysis of the products of the explosive decomposition of
mixtures of ethylene oxide vapour and ammonia showed that all the ammonia
remained undecomposed at the end of the explosion. The products formed
per mole of ethylene oxide decomposed shown in Figure 44, are similar to
the results obtained with ethylene oxide/inert gas mixtures, (see Figure
33), and it is concluded that ammonia acts solely as an inert diluent.

If this is so, the flammability limit of an ethylene oxide/ammonia mixture
can be predicted from Figure 38, By taking the mean specific heat of

amonia at 800°K to be 12+1 cals/mole/ou, the predicted flammability limis
is 23% NH3 as compared with the observed value of 24% NH3'

The adiabatic limit flame temperatures of mixtures of ethylene
oxide with methanol, prorylene oxide and ammonia have been calculated fron
the products of decomposition at the flammabiliity limit given in Table 11.

A summcry of the results are given in Table 13.
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Limit Flame temperature of ethylene/volatile diluent mixiure.

limit composition Adiabatic
Diluent — limit flame temp.
%g
oL % Diluent
CHBOH 0-1904 | 16 1170 t 10
CH,* . 2 20 *
Hy CE:}Hz 0°333 5 1420 10
NH3 0-316 24 1230 ¥ 10

Apmonia behaves as an inert diluent, hence the adiabatic limit flanme
temperature remains constant at 1230°K. Methanol reduces whereas propylene
oxide raises the adiabatic limit temperatures of the ethylene oxide
decomposition flame. These results can be explained on the basis that

the 1limit flame temperature is influenced by two major factors. Firstly,

a physical factor is involved in that the volatile diluent may produce
products which have a higher thermal conductivity than the inert gases,

in which case more heat will be conducted from the flame to the unburnt

gas and. consequently higher flame temperatures must be attained for

flame propagation.
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The presence of a larger quantity of hydrogen molecules in the decompos-
ition products of ethylene oxide/methanol ard ethylene oxioe/propylene
oxide mixtures (see Figures 42, 43,) compared with ethylene oxide/ammonia
mixtures (Figure 44) suggests that the higher limit flame temperatures for
the former mixtures are due to the high thermal conductivity of the hydrogen
molecule. Secondly, a chemical factor is involved, in that the additives
take part in the flame reactions amd may produce a higher concentration of
active radicals, e.g. H acoms, which are responsitle for flame propagation.
The flame temperature must therefore be sufficiently high to maintain a
critical rate of diffusion of these active radicals from the flame to the
unburnt gas wherc reactions are initiated. Hence, flames with higher
concentration of active radicals will have a lower limit flame tempeature.
Equations 5 to 8 showsthat for every mole of methanol decomposcd three
hydrogen atoms are produced. It is to be expected, therefore, that from
chemical consider=tions, o lower limit flame temperature will result for
the ethylene oxide/methanol mixture. Thus, the physical factor tends to
increasz the limit flame temperature, whilst the chemical factor tends tc
reduce it; the balance of the two effects probably accounts for the fact
that the calculated adiabatic limit flame temperature for the ethylene
oxide/methanol mixture (1170°K) is only slightly lower than that for the
inert diluent mixtures. The higher calculated adiabatic 1limit flane
temperature for an ethylene oxide/propylene oxide mixture (1420°K) prcbabiy

arises because of the thermoconductivity effect; since the decompositicn
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mechanism of propylene oxide is similar to that of ethylene oxide and

no effecltive chemical factor is involved.

Conclusion:-

It is concluded that mixtures of ethylene oxide/methanol,
ethylene oxide/propylene oxide, ethylene oxide/ammonia containing more
than 16/, 25% and 24% of their respective diluent are non-flammable.
Amnonia was found to behave as an inert diluent. Methanol and propylene
oxide have been shown to be chemically active in the ethylene oxide
decomposition flames; +the adiabatic limit flame temperature using
methanol as the volatile diluent is about 609K lower than the corresponding
limit for an inert diluent whereas that using propylene oxide is about

190°K higher.
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CHAPTER IX

MECBAWISM COF THE EXPIOSIVE DECOMPOSITION

OF FETHYLENE OXIDE VAPOUR,

IX A Determination of the burning velocity in closed vessels:-

Marvin, Caldwell and hoeder (44) assumed that the compression
of the reactant and the products during an explosion in a closed vessel
to be adiabatic and derived a relation for the burning velocity for the

explosive mixture to be

7 3 3 3
! R™ -V, ad -
Su - ‘L 1-- Lz ° -—r:—r— .(dii& J] IX (1)
EPYM Y{f > £

where R is the radius of a spherical vessel andY};that of the spherical
flame at a time 't' when the pressure is P, A source ¢f inaccuracy in
equation IX (1) lies in the fact that the second term in the bracket is
very close to unity (0485 to 0:95) during most of the explosion. This
means that an error of T% in this term will lead to an inaccuracy of 10%
in the calculated value of S,+ £1s0 in order to apply the above eguation &
knowledge of 'Yl,' as a function of time is required. Tewis and von Elbe(l}

have attempted to overcome these difficulties by assuming that Auring the

explosion, the ratio of the specific heats of the burnt and unburnt gas
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remain constant and that the change in the number of molecules resulting
from the chemical reaction ramains constant. On this basis, an approx-~
imate equation was derived which shows that the fraction of gas burnt is

equal to the fraction of total pressure rise, i.e.

P - Py

) ceenns IX(Z)

PE—PI

for small values of N.

Before ignition, N occupies a volume A at a'radiuS'vL ,

Y
o, = P - P 3
.S - _;_! ..... - 1X (3)
S e
After ignition, ¥ cccupies 'vb' at a radius Ty i.e.
Vb = V .. ui (1 - N) -Iigu s enes X (4)
1/
1/ sy
5 3 njy (l—N) BT, 0 - X (r:)
whence de =Yg = i " L. te 4
() "= = 110 |

/

from equation IX (2) noting that



equation IX (5) becomes

1l
f PT T Pn - P /3
E = l - — . Tll" . E sesue
R \ F I P - Pr)
where 4 v&/dt is the flame speed.
For adiabatic compressicn,
. -1
Tu = TI ( %_I_ ) u R
¥ 4
2
The volume of an element before ignition = 4¥7T . dv
i i
2
The volume of an element after ignition = 477 v  dy
i i
Since the thickness of the element = Su dt
) 2
then the volume of the element = 4'\’?1"6 Su dt
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X (6)

X (7)

Ty o Py eeee IX(8)
Tr P '

eeo IX (9)

Combining equations IX (7), (8), (9), the burning velocity at any instant

is given by

.. . 2 !
S - _Y-.L (\rl "{_ esanocae
u T - (-—P ) G

IX (10)
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The procedure used for calculating the burning velocity was to plot
values ot 'ri' obtained from equation IX (3) as a function of time from
the pressure-time record so as to enable the slope _Qg%? to be determined
at any instant. Values of 'z, ' were calculated from equation I (6) from
which the burning velocity could be estimated with the aid of equation
™ (10).
Although the determination of burning velocities from the pressure-
time record of an explosion in a closed vessel with central ignition have

(45), the method has scarcely been tested (46) for

been proved reliable
slow burning mixtures. The reason is that for slow burning mixtures,
convection causes early contact of the flame with the wall of the vessel
and this results in excescive heat loss and distortion of the shape of ths
pressure-time record. In oxrder to avoid these difficulties, it is
necessary to confine the cbaservations of pressure to the early stages of
the explosion prosess during an interval of time in which the pressuxre
rise is smali.

The method employed in this work for determining the burning
velocity of the pure ethylene oxide cdecomposition flame was similar to
that employed by Manton, Lewis and von Elbe; (43) but in addition, a
heat loss correction was applied to the pressure-time wecord. In wicex

to make the correction it was assumed that the heat losz rate increased

linearly from zero at the ignition point to & maximum at the erd of the
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explosion. Hence the pressure drop due to heat loss at any instant

during the explosion is given by
AP = aPg ('t'g) IX (11)

Therefore the true pressure ot any instant during the explosion will be
given by
P = PI + AP + AP X (12)
where AP' is the pressure drop due to heat loss and AP is_th 5 essure
| X (12}

rise as the result of the explosion.

IX B Results:-

Figure 45 shows a plot of the radius of the burning surface,r;, ,
against time for a typical ethylene oxide decomposition explosion at an
initial pressure of 84-7 PSIA. It may be seen that after a short de-
celeration period; the radial displacement of the flame front was uniform
until it reached a radius of 555 cms, but thereafter the flame speed
decreases owing to the compression of the products of decomposition and
passibly contact of the flame with the vessel wall. The measuremeﬁté-useﬁ
for the calculation of the burning velcocity of the ethylene oxide
decomposition flame were confined to the initinl stages of the expiosion
where P/PI = 125 which corresponded to a flame radius, Ty of approximately

4+0 cms. A specimen calculation for ile burning velocity is given in
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Appendix 3; it is estimated that the error involved in the determination
of the burning velocity is *.5%. Figure 46 shows that the burning velocity
of the ethylene oxide decomposition flame is not affected by changes in
pressure from 3°0 atms, to 10 atms. The rapid fall of the burning velocity
for pressures below 30 atms, is probably due to the limiting conditions

of the apparatus for the decomposition flame to propagate.

IX ¢ Discussion:-

(22)(23)

Friedman and Burke s in their flat flame burner studies,
were able to stabilise the ethylene oxide decomposition flame at pressures
as low as 0-2 atmospheres and found that the burning velocity decreases as
the pressure is increased from 0.2 to 1.5 atms. according to
§ o P X (13)

On extrapolating their result to pressurss and temperature courresponding
to this vork, it may be seen from Figure 46 that the burning velocities
obtained in thic work are of the same orders of ragnitude as those

, , (22)(23) . . .
determined by Friedman and Burke . The burning velocity value o

12'50/s as determined by Gerstein et al (17) in their tube method ai 20%C

and atnospheres pressure seems high and is unlikely to be reliable.
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The results obtained in this work indicate that for pressures
above 3 atms., the burning veloecity of the ethylene oxide Aecomposition
flame is little affected by pressure, Now, according to the theory of
flame propagation discussed in Chapter IIL, for simple flames of ideal

geses, the buming velocity is given by

111 (17)

where 'n' is the overall order of the reaction. Therefore the measured
burning velocity data suggests that the overall order for the decomposition
flame reaction is a second order process. This is contrary to the findingsn
in the low temperature kinetic work which concluded that the decomposition
is a first order process. This discrepancy may be explained in the follow-
ing way.

The burning velocity of an ethylene oxide decomposition flame cen
also be calculated from the thermal theories (18) of flame propagation
glven by the equations III (18), (19). However, these equations refer to
conditions of the flame at constant pressures and the products at the en:
of the decomposition explosion in a closed vessel cannot be used 1o estimacs
the adiabatic flame temperature under constant pressure conditions. If 4%z
products of decomposition from a constant pressure burner (23) are used to
estimate the adiabatic flame temperature and using the method given in

Appendix 3 (b), the results as a function cf flame temperature are as shovm
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in Figure 47. The calculated burning velocity of 6°45 c/s at 111°C and
atmospheric pressure is high compared with the values of 4-5 c/s obtained
by Friedman and Burke (23). This discrepancy is not surprising consider-
ing the large number of assumptions that have had to be made to compute

the burning velocity from the low temperature first order kinetics data.
The interesting aspect of the calculated burning velocities shown in Figure
47 is that they are very sensitive to the flame temperature. Hence, should
there be an increase in he flame temperature as the pressure is increased,
the burning velocity will tend to increase. The effect of pressure on the
products of decomposition of ethylene oxide has already been discussed in
Chapter VI B and it was concluded that increasing amounts of methane wili
be formed as the initial pressure is increased. Inspection of Figure 15
shows that as the initial pressure is increased from 2 to 9 atms., there

is an increase in methane formation per mole of ethylene oxide decouposed
of about 0-06 moies. If it is assumed that the same increase in methaane
formation occurs in a constant pressure process, then this will lead to

an increcse in the flame temperature of about 50°K which according to
Figure 47 will raise the burning velocity frcm 6-45 c/s to 100 c/s,(i.e"

an increase of 3+55 c/s). But according to the first order rate eguation,

2 . .
Sy & P 7, o pressure incremse from 2 atnms. to 9 atms., will decreass the

burning velocity from 6:45 c/s to 3.01 c/s., (i.e. a denrease of 344 c/s).
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It is therefore apparent that the decrease in burning velocity for a

first order rate reaction is counterbalanced by its increave due to the
increase in the flame temperature as the pressure is increased. In view
of this, it may be concluded that the burning rate for the ethylene oxide
decomposition flame is governed by the same first order reaction as that
which governs the low temperature decomposition, but the temperature of the
subsequent flame reactions depend on the pressure,

The effect of temperature on the burning velocity of the de-
composition flame has not been studied in this werk because an accurate
knowledge of the flame temperature is required tc deduce the activation
energy of the overall process, However, Friedman and Burke (22)(23) mave
studied this and obtained an overall activation energy cf 14 kcals/mole
which is not in agreement with the value of 527 kcals/mole employed for
computing the burning velocity of the flame., These workers explained this
discrepancy on the basis that pre-heating increases the flame temperaturec,
favours the less exothermic reactions, with the result that the increase in
the adiabutic flame temperature is small. (This topic was discussed in
Chapter II B). Dxperimental evidence obtained in this work supports this
view. For example it may be seen in Figure 14 that increasing the initial
temperature from 20 to 100°C does in fact reduce the methane formatio:
slightly. Also, if it is assumed that ilhe presence of inert diluents in the

flame merely acts as heat sinks and reduces the flame temperatures, wlien
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Figures 3%, 34, 35 shows tlnt increasing amount of methane is formed
which tends to favour flame reactions of the more exothermic type.

It is therefore apparent tlmt kinetic information, such as
the overall order of the reaction and its activation energy, obtained
from the thermal theory of flame propagation (18) needs careful inter-
pretation since some of the flame reactions are influenced by changes

in pressure and pre-heat temperature.

IX D Tentative proposal for the explosive decomposition mechanism of
the ethylene oxide vapour.

It has been shown that the rate controlling reaction ia the
decomposition flame is the same as tlmt which governs the low temperature
decomposition., Furthermore, the presence of large quantities of methane
and hydrogen suggests that methyl radicals and hydrogen atoms play an
important role in the explosive decomposition mechanism of the ethylene
oxide vapour. On the basis of this ..nformation the following free radical

reactions are proposed:-

k.3
ttietion ¢ CHO (cHs - CHO) IX (14)
3* . -
i (CH;CHO) -—> CHz + CHO IX (15)

CHO —> CO+H X (16)

CHy + 02H4O w3 CH 2t c2H30 X (17)
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H + CpH0 ey Hy + G530 IX 18
OpHz0  ——s C 0+ CHy IX 19
CH3 + CH3 —— C,H, IX 20
CH. +C H CH + C.H IX 21

3 26 -_— 4 275

Cof —— Gy, +H IX 22

CH. + C H — C_ I IX 2

37 Yats = V3'g 3
bermimt- CpHg + 6235 ——  C,Hy IX 24

101

CH3 + H —_—3 CH4 IX 25

Propane and butane have not been detected in the decomposition products;
this may be due to the fact that under the decomposition flame conditions,
they are unstable and decompose to give carbon and hydrogen. It has been
shown in Chapter VI B that ethane is also unstable under the decomposition
flame conditions and desomposed by the reverse of equation IX 20. In fact
equations IX 20 to 25 merely represert the pyrolysis of ethane and give
rnethane, ethylene and hydrogen. Ethylene being furthar pyrolysed to gi#&

carbon and hydrogen.

IX E Conclusion:-
The burning velocities of the ethylene oxride decomposition flame
obtained from the pressure-time record were found to be in agreemeni wiil

(23)

those obtained by Friedman and Burke « Also the burning velocity
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computed from Zeldovich-Frank-Kamenetsky's equation using the low
temperature, first order reaction kinetics data of ifueller and Walters(lo)
agreed well with the experimental result. It was therefore concluded that
the burning rate of the ethylene oxide decomposition flame is controlled
by the same reaction that governs the low temperature decomposition rate.

This rate controlling reaction is attributed to the isomerisation of

ethylene oxide to acetaldehyde.
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CHAPTER X

CONCLUSION.

The following conclusions can be drawn as a result of this

investigation: -

(1)

(2)

(3)

(4)

(5)

Pure ethylene oxide vapour will undergo explosive
decomposition in the temperature range 20 to 100°C

and pressures higher than 416 PSIA. * -+ - .

The formation of methane in the decomposition products
is favoured at initial pressures exceeding 30 PSIA, and
tlr}a;.zyethylene is favoured at initial pressures below

%0 PSIA.

The products of decomposition are little affected by
changes in the initial temperature between 20° to 100°C.,
Carbon is formed as a result of the pyrolysis of ethane
and ethylene and not from methane.

The maximum explosion pressure during the decomposition
explosion is greatly influenced by neat losszes from the
flame to the surrounding walls of the vessel; this is

particularly so for initial pressures of the cthylene

oxide vapour below 30 PSIA,



(6)

(1)

(8)

(9)

(o)

@1)
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No simple relation between "B/Py and S/y ratio of the
vessel was found to exist.

N2’ H20, 002 and NH3 act as inert diluents in suppressing
the decomposition explosion and the amount of each required
is governed by the relation tlat the product of its mean
gspecific heat and the amount of diluent required per mole
of ethylene oxide is constant at a fixed temperature and
pressure,

The amount of inert diluent required to suppress the
decomposition explosion is a function of both the

initial temperature and pressure,

1t is shown that the discrepa.acy between the results of
Hess and Tilton (26) and Burgoyne et al (24) is due to the
incorrect assumption that the amount of inert diluent
requirced is incdependent of temperature.

Methanol and propylene oxide also suppress the decomposition
explosion but act as chemically active diluents; whereas
methanol lowers the adiabatic limit flame temperature,
propylene oxide increases it.

e burning velocity of the decomposition flame obtaincd
in this investigation is in agreement with previous workex

made with a flat flame bumer.
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The rate controlling reaction in the decomposition flane
is the same as that which governs the low temperature
decomposition, i.e. the isomerisation of ethylene oxide

to an excited acetaldehyde molecule,
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APPENDICES

Appendix (1)
Purity of materials:-

It is known that ethylene oxide mny polymerise to acetaldehyde
during storage. Although each 50 pound cylinder was renewed every three
months by Shell Chemicals Ltd., aldehyde content in the ethylene oxide

bottle was periodically anzlysed by the bisulphite method.(4o)

During
each three months, the aldehyde content was found to be within the
suppliers specifications., A summary of the purities of the other

materials used in this investigation is given in Table Al.

Appendix (2)

2 (a) Bstimation of the overall heat transfer coefficient 'h'.
The overall heat transfer coefficient 'h! during the cooling
process following the decomposition explosion was estimated from the

cooling curve which gave

- BSo VI (16)
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4 plot of L.H.S. against 't' is shown in Figure 22 to give a straight

line whose slope, B', is given by

B' = .BS A (1)
H, C, 2+303

Now, according to the ideas gas law,

PV = nBRP A (2)

B = & - S. Ry A (3)
Cv v P,

where Ev’ is the mean spccific heat of the product, 9-5 cals/m/oK
S/V, is the surface/volume ratio of vessel, 0+421 cm -
R, is the gas constant 82+ 06/g mole
Table A, gives the results for B' and h at varions initial and final

explosion pressures.

2 (b) Estimation of the total pressure drop due to heat loss during the

explosion pericd.
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The drop in pressure equivalent to the heat loss during the

explosion is given by

1 = 1 "‘d
o P ( 3%')L ty atns, VI (22)
-4P? h S * ® .
whe — = P - P
re (5% Iy - (Pg" - Pp*) VI (15)

The overall heat transfer coefficient 'h' is correlated with the maximum

explosion pressure by the following esquations

=
fl

- %, 06
C.66 x 10 3 (Pg) , exploding wire ignition, VI(17)
.. 0+6
)

0+52 x 1072 (P; sy hot coil ignition, vi(1s)

h

By combining equatiocns VI (15), VI (27) and 4 (2), the maximum rate of
pressure drop due to heat loss for a explosion initiated by an exploding

wire can be expressed as
*

% ;
daP _ o -3 3 ¥ un -0-4 ,
(539 MAX 2°4 x 10 7 g (Pg - PF)(PE) atms/s A4)

from whichAP' can be calculated. A summary of the results is given in

Table L3,
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A2 (¢) Estimation of (PE/PI)O for 100% decomposition:-

For any gaseous explosion in a closed vessel, the mean maximum

temperature attained is given by

NP avg ‘
- e A
i . (3 2.—-.1 C.,,% +0-PBC (5)

-

where ry .fraction of heat lost;

(3 ~fraction of ethylene oxide decomposed,

heat of decomposition, ca.l/mole.

olUg
fv; mean molar specific heat for product, species ' j'.

nf, moles of product 'j' per mole of ethylene oxyde decomposed.
EVL mean molar specific heat for ethylene oxide

Nnete 4 (6)

2.{--,,‘!- \'v‘i,

Combining equations & (5) and A (6)

ot L 1y B A7)
- 75, . C,;
5 - 72 ny v
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According to the gas law,

PRo/p = Peo . Tmo A (8)
E ng TE

where the subscript (of represents 100% decomposition. From equations
A (7) and A (8) the maximum explosion pressure, Pp,,for 100% decomposition

can be caluulated. The esult is shown in Table A4.

Appendix 3.
A (3) (a) Calcuiation for S, from the P - t curve:-

The calculation for the burning velocity Su of an ethylene
oxide decomposition flame for a typical explosion with an initial
temperature of 100°C and pressure at 35 PSIi using a hot coil ignition

source is as follows:-

Pé, maximum explosion pressure corrected for heat loss = 333 PSTh
PI, initiel pressure = 35 PSIA
AI%, total pressure due to heat loss = 51,8 PS*4
tt, total explosion time = 0+35 s,
R, radius of vessel, (equivalent volume) = 8-11 cms.

Yy ratic of specific heats for ethylene oxide = 116
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Pressure drop due to heat loss at any instant during the explosion is

given by

a Pt

t y
\ ——
s By, ( by ) IX (11)
Hence the true pressure during the explosion,
P' = P_ + aP' + oP X (12)

whereoP' is the pressure drop due to heat loss,

oP is the pressure rise due to explosion.

Now, before ignition, the radius of unburnt element, Ty is given

1/
ry (P -p. )73
(- )
After ignition,
1/
T f P T v 3
Iit_) = v .L. N, BR-E IX (€)
¢ —--.-—--—-—-;)
b F 1 Py~ Pp/
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The burning velocity S5, is given as

Ay T
S, = i . kS x, X (10
u dt (I‘b ., ( )

Values for Ty and t are given in Teble A6 and the slope dri/dt at any
instant may be obtained from Figure Al.

At the instant when P/PI = 125, ry = 25 cms., Ty = 4+75 cms.
and dri/at = 1262 ¢/s., then,

2 O-g62
s, = 12-62 x (2:2) x (0'8) = 2+89 ofs.

u 4<75
L summary of the burning velocities for the ethylene oxide decomposition

flame urder various conditions is given in Table AT.

3 (b) Computation of S,1 from the thermal theory of flame propagation.
From the theories of Zeldovich,; Frank-Kamenetsky and Semenov

discussel in Chapter III, the following equation was derived,

= X -5 .l
2 log S5, = log B+ 2 log Ty + 4 log Tp - 2 log (Tf - TI) TR0 RTG TIT 3

2
where B = 2A'p A C - 0F * 32 I (15

..2' .. 7
G2 'ng B
P T
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2
The products of decomposition under constant pressure conditions (23)

gives the adiabatic flame temperature as 1260°K. Now,

APio, density of ethylene oxide vapour at 0°C(Lam.press) = 1'9653':10-3 g/ce.

)\ff, thermal conductivity of products at 0°C - 1°288 x 1077 cal/en/°K

Epf, mean specific heat of products (800°K) = 1.285 cal/g/C

Cp, specific heat of product at flame temperature = 1-362 cal/g/oc

(10)

Using the low temperature kinetics data of Walters and Mueller s l.e.
~52700
13 RT
k = 15 x 10 e 11 (7)

then the calculated value for B is 0+128, from which the burning velocity
can be computed for given values of TI and Tf. Table A 8 gives the effect
of flame temperature on tne computed burning velocity of the ethylene oxide

decomposition flame.



TABIE AT

MATERIAL
Ethylene
Oxide

Propylene
Oxide

Methanol

Ammonia

NWitrogen
(O2 Free)

Carbon
Dioxide

Water

PURITY OF CHMTCATS FEMPIOYED

SUPPLIER

Shell
Petrochemicals

B.D.H.

H&W
(Analar)

I.C.T.

B.0.C.

B.0.C.

College
Distilled VWater

FURTHER
PURIFICATION

None

Distilled over
No (34°C)

None

None

None
Hone

HHone

PURITY
% by weight

> 9945

>99-9

> 990

> 99.9

>999
>99°9

>99-9
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CHIEF
IMPURITIES

Acetaldehyde
Vater

Aldehydes
Ketones



TABIE A2 OVERALL HEAT TRANSFER COEFFICIENT
EXPIODING WIRE IGNITION Ty 100°%¢
Py P B B B B
PSIA PSIA ATHMS — ATWS oK -
4,66 22,2 1.63 0.654 935 0.87
6.92 36.4 2.96 0,970 1140 0.723
14.7 100.7 6.85 2.08 1240 0. 604
25,0 206.5 14.00  3.57 1280 0.514
28.7 218.0 14.80 4.40 1282 0.471
44.7 329.5 25,40 8.38 1410  0.356
74.7 669.7 45.50 12,22 1465 0.198
HOT COIL IGNITION
9.7 58.7 4.0 1.36 1002 0.519
12,2 79.2 5.4 1.73 1050 0.456
35,0 283.0 19.3 5. 40 1350 0,320
54,7 48%.0 32.8 8.90 1400 0.237
84.7 817.0 55.5 14.23 1397 0.151
114.7 1127.0  76.7 30.4 1420 0.112

h x 103

ca.l/lq/cm2

0.96
1.19
2.11
3.55
3.44
4.06
3.9

1.31
1.49
2.90
3.55
5.80

3.61
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TABIE A 3

cowparTSON OF TE/Pp, TB/pp ana

EXPIODING WIRE

P
PSTA

4.17
4. 66
6.92
6.96
14.70
25.0
28.7
28.7
44.7
4.7
74.7
104, 7
134.7

*x

Py

ATMS

1.37
1.63
2.96
2.83
6.85
14.0
15.5
14.8
25.4
45.5
43.8
65.2
£6.4

IGNITION TI

*
Pp
ATHS

0.58
0.65
0.97
0.98
2,08
3.57
4.40
4o 40
8.38
12.22
11,90
17.80

24.00

= 100°C.

F/p ¥/

2.%5
2.50
2.62

2.04
2,05
2,05
2,05
2.06
2.10
2,21
2,21
2,21
2.28
2,22
2.30

2,20

Ty
[»]

883

955
1140
1087
1240
1280
1340
1282
1410
1465
1460
1485

1530

( 'y

\

I ¢

0.88
0.82
0.65
0.66
0.46
0.35
0.3%
0.3%4
0.27
0,22
0.22
0.19

0.17
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TABIE A 3 Continued

1
d P P. Py,
(Elti)MAX apt 5y E/p I Ef Pr ( E/PI)O
PSI/S  PSI S. - - -
25,0 7.4 0.685 4,83 6.61 7.27
27.0 3.4 0.260 5.14 5.95 7.27
46.0 8.4 0.324 6.28 T7-75 -

54.0 13.6 0.578 5.98 7.91 T.72

95.0 20.2 0.318 6.85 8.22 8. 32

150 28.6  0.355 7.20 9.39 -

159 28,5 0.324  7.96 8.96 9.64
146 42.0 0.57L 7.6 9,05 9.60
178 52.6 0.454  8.35  9.51 9.70
304 53.0  0.28% £.95 3.70 2.95
296 66.5 0,368  8.61  9.50 9. 69
364 56.5 0.241 9.16 9.71 10.05

430 55.0 0.188 9.42 9.85 10.0%
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TABIE A4  DISTDATION OF ('B/pp), FOR 100% DECOMPOSTTION

7. = 100°.
Pr Sy B/p; T snjCy; Oy & Ay cy)
PSIA  cmt - °K  cals/°k cals/W/%k - cal/°k
14.7 0.421 6.85 1220 18.4 25.0 0.981 18,03
14,7 0.540 5.95 1058 17.5 23.4 0.873 15.28
4.7 1,655 3.50 764 15.2 19.0 0. 658 10.00
25.0 0.421 7.7 1305 18.9 25.8 0.981 18.52
25.0 ©.540 6.92 1160 18.1 24.4 0.89 16.10
25.0 1.655 3.66 7172 15.8 22.5 0. 604 9.55
45,0  0.421 8.35 1380 19.3 26,3 0.99 19.10
45.0  0.540 7.65 1250 17.9 24.0 0.877 15.70

45.0 1,655 3.84 779 15.9 20.3 0.51 8.10



TABIE A4 Continued

(1-8) Gy Te/my Teo/w;

cal/%k

0.487
2.985
6,500
0.308
2.680
8.910
0.263
2.960
9.950

2.06
2.06
1.71
2.220
2.217
1.768
2.215

2.21

1.792

2.082
2.082
2.0e2
2.23
2.23
2.23
2.30
2.30

2.30

Toofy o0
- °x
1.001 1243
1,011 1192
1.218 1018
1.005 1319
1.007 1292
1.261 1144
1,012 1393
1.04 1340
1.282 1238

Tgo-T1
Trp-Tt

1.027
1.196
1.650
1.017
1.166
1.934
1.014

1.189

TE0/ 1,

1.02
1.13
1.33
1.01
1,11
1.48
1.01
1.04

1.59
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(PE/PI)O

7.0
6.8

5.67
7.81
177
6.85
8.54

8.28

7.85
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mpiE A5  vawmms oF ("B/pf) | am rxe.

T - 100°C

P (PE/PI)O PEO (on)'o'4 S/y by X
PSTA - ATHS - oMt s, -
4.7 7.0 7.0 0.460 0.421 0,318  4.67
14.7 6.8 6.8  0.464 0.540 0.253 4.72
14.7  5.67 5.67  0.499 1.655 0.200 2.08
25,0  7.81  13.3  0.354 0.421 0.318 6,10
25.0 777 13.2 0.356 0.540 0.218 7.05
25.0  6.85  11.62 0.374 1.655 0.199 2.68
45.0  8.54  26.1  0.272 0.421 0.454 5.94
45.0  B.28 253 0,274 0.540 0,391 5.50

45.0 T.83 24.9 0.280 1.655 0.1%3 3.65



TABIE A 6

&P

PSI

1.99
3.84
8.11
14.51
21.62
30. 60
43.0
57.5
73.4

91.1

108.3

VALUES FR 'r;' and t.
P = 84.7 PSIA T = 100°¢,
o G R
PSI PSI e E- H
0 0 0 0
0.146 2.14 0.0072 0.193
0.585 443 0.0149 0.246
1.32 9.43 0.0316 0.316
2,34 16.85 0.0565 0.384
3.64 25.26 0.0846 0.439
5.29 35.89 0,1183 0.491
7.15 50.15 0.1682 0. 552
9.38 66.88 0.224 0. 606
11.92 85.32 0.286 0. 5660
14.66 105.8 0.354 0.706
17.60 125.9 0.422 0.750

1/3

CliS.

1.570
1.995
2.56
3.12
3.57
3.99
4.48
4.91
5.35
5.73
6.09

HOT COIL TIGNITION

S.

0.045
0.090
0.135
0.180
0.226
0.271
0.316
0.361
0.406
0.451
0.496
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AT

BURWING VBLOCITY OF ETHYLEIE OXIDE

194

! T
HOT COIL IGNITION P/PI = 1.25, “/TI = 1.03, T, = 384 %K

.
Py P S,
PSIA  ATMS. cfs
9.7 0.825 1.59
12.2 1.038  1.74
25,0 2.12  2.68
35.0  2.98 2.89
54,7 4.65 2.86
84.7 7.20 2,91
114.7 9.75  2.89
TABIE A 8  CAICULATED BURNING VEIOCITY FROI
ZEIDOVICH, FRAWY-XKAMENETSKY ;
T = 484°K. B = 0.128
‘ | _ B
T 2 log Ty 4 log Ty 2 log(Te-Ty) 530%™,
OK - - - -
1260 5,166 12.400 5.888 9.15
1300  5.166 12.456 5.926 8.86
1400 5.166 12,586 6.014 8.24
1500 5.166 12,704 5.096 7.69
1600 5.166 12,816 6.170 7.20

SENIWOV' S BEQUATION

2 log Su

1.632
1.944
2.606
5,192
3.650

g
u

¢/s

6.55

9.36
20.1
39.4
€5.5
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TABLE A 9 RESUITS OF FPILAMMABILITY IIMITS.

(a) NITROGEN:-

T Py % T,
¢ PSIA -
20 14.7 16
41 14.7 21
41 25.0 25
60 14.7 24
60 25.0 28
60 44.7 37
81 14.7 29
81 25.0 32
80 44.7 41
80 T4.7 46
100 14.7 33
100 25.0 37
100 A4.7 45

100 4.7 o1



(b)

(e)

CARBON DIOXIDE

TI
oc
42
59
80
100
T = 100%
I
DILUENT
Stean
Methanol
Aimonia

P:ropylene Oxide

PSIA -
25 17
25 20
25 23
25 26

Py = 25 PSIA
% DILUENT
32
16
24
25

196
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900
S.V.p, OF ETHYLENE OXIDE

700}

500}

FROM WALTERS & SMITH ©8)

300}

200§

S.V.P. PSIA

100F
80F

6 Of

40f
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