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Abstract

Experimental and theoretical investigation of explosive decomposition of ethylene oxide (EO) at fixed initial experimental parameters
(T=100°C, P=4bar) in a 20-1 sphere was conducted. Safety-related parameters, namely the maximum explosion pressure, the maximum
rate of pressure rise, and tkg values, were experimentally determined for pure ethylene oxide and ethylene oxide diluted with nitrogen. The
influence of the ignition energy on the explosion parameters was also studied. All these dependencies are quantified in empirical formulas.
Additionally, the effect of turbulence on explosive decomposition of ethylene oxide was investigated. In contrast to previous studies, itis found
that turbulence significantly influences the explosion severity parameters, mostly the rate of pressure rise. Thermodynamic models are used
to calculate the maximum explosion pressure of pure and of nitrogen-diluted ethylene oxide, at different initial temperatures. Soot formation
was experimentally observed. Relation between the amounts of soot formed and the explosion pressure was experimentally observed and wa:
calculated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The design of safe processes for the manufacture and use
of EO requires considerable care and understanding of the
Ethylene oxide (EO) is a major chemical intermediate in chemistry and thermodynamics of this hazardous molecule,
the manufacturing of ethylene glycols. These, in turn, are both in the condensed pha$28,17,11] and in the gas
the starting points for processes making a wide range of sur-phase. In the gas phase, EO can decompose rapidly in the
factants and emulsifiers. The EO molecule contains oxygenabsence of air at modest temperatures and pressures. When
connected in a triangular structure of which the@bond mixed with air it can form gas mixtures that can detonate
is short and the bond angles strained. These make the E(Q33], a situation exacerbated by its comparatively high
molecule unstable, very reactive and cause serious hazardsvapour density. However, if the ignition source is weak, the
EO has been involved in a number of accidents, discusseddecomposition of ethylene oxide occurs as a deflagration.
by various authorfl6,10,34,12,31,22,35,26] Several studies were dedicated to understanding the defla-
Processes that handle EO typically operate in the region ofgrative decomposition of ethylene oxide vapour. Special
100—200°C at pressures up to 15 bar in large process vesselsattention was paid to the flammability limits of EO and
[3,16]. its decomposition limits in diluents. Amongst other, gases
like nitrogen, propylene oxide and methane were studied
as diluents[17,15,8,29,30,32,2,6,19,25,4Dther research
* Corresponding author. Tel.: +31 15 2783725: fax: +31 15 2784045, [ocussed on, thermal decomposition limi& and venting
E-mail addressPekalski@tnw.tudelft.nl (A.A. Pekalski). of decomposing ethylene oxid@,3].
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For safe and efficient operation involving ethylene oxide, Table 1
it is essential to know the explosion indices as a function of Explosion severity data for pure EO
process conditions. Mixture status (€/dt)max (bar/s) Kg (barm/s)
The minimum amount of energy able to initiate EO vapour Quiescent 96 26
decomposition (minimum ignition energy, MIE) as a func- Turbulent 1500 407
tion of pressure, temperature and volume was investigatedp=4bar,T=100°C, IE=250J and/=0.02n3 [2].
[14,18] After successful ignition, the EO decomposition
flame propagates causing an explosion. Its severity is de-jnjtial pressure range of 1-4 bar. The major conclusions of
scribed by the maximum explosion pressuRg4y), the the work are as follows:
maximum rate of pressure riseRfiit)max, and is scaled
up by the empirical cube-root-law explosion paramétgr
(Kg = (dP/dt)maxV13). EO explosion severity indices depend
on many factors, like initial pressure, temperature, turbulence
level, ignition energy (IE) and concentration of an inert gas. ®
If the concentration of the inert gas is increased and other
variables are kept constant, there is a critical concentration
of the inert gas above which no sustained decomposition ®
flame propagation is possible. This concentration, in case
of nitrogen, is called the limiting nitrogen concentration for
EO decomposition. This value changes if one of the above-
mentioned factors is varied. Increasing the ignition energy ®
in the range from MIE up to 50J causes a noticeable in-
crease in the limiting nitrogen concentration for EO decom- ®
position. A further increase, beyond 50 J, has no significant

effect[32,19} The importance of the limiting nitrogen con- Bartknech{2] analysed the data of Siwek and Rosenberg
centration for EO decomposition is emphasized due to its ap-[32], of stagnant and turbulent EO decomposition, and also

plication in the process industry. The most commonly used ¢, c|ded that turbulence had no noticeable influence. The
inert gas is nitrogen. However, several autha&14,19,32] * ,ncjusion that the initial turbulence level has no noticeable
pointed out that the presence of high nitrogen concentrations¢ect on the explosion characteristics is, however, very un-
in an ethoxylation reactor gas phase reduces the reaction rateusual, especially in view of Siwek's statement on the effect
and therefore, plant productivity. Excessive nitrogen concen- ¢ . -bilence level on the maximum rate of pressure rise.
tration increases the production costs, while insufficient ni- crefy| re-evaluation of the experimental data presented by
trogen concentration compromises safe plant operation. FOrgatunecht at an initial pressure of 4 bar, initial temperature
processes operating at nitrogen concentrations lower than the; 190ec and ignition strength of 250 J, Shows a significant

limiting ni_trogen concentratiqn, additional safety measures difference between quiescent and turbulent EO decomposi-
must be installed, e.g., venting panels and/or pressure rej, The measured values differ by a factor T8lfle 3 and

lief systems[3]. For their proper design, explosion severity 4 therefore in conflict with the original conclusions.

indices are needed. Such data on EO-nitrogen mixtures at  |ncqrrectky values will result in an improper dimension-
EO-concentrations in the range from pure EO vapour up 10 jnq of the safety protection measures in the EO handling
the limiting nitrogen concentration for EO decomposition, al- chemical industry and thus needless financial loss.

though needed for the design of explosion safety protection

measures, are not available in the literature.
Proper determination of the explosion sever!ty parameters, . viem formulation
(Pmax and (dP/dt)max) requires an apparatus with a volume

greater than 16P]. Avessel thatis too smal(< 16 ) results The aforementioned reasons prompted this research pro-

in substantial heat losses, thus, affecting the measured vaIuesgramme The work is aimed at resolving the inconsistencies
Only Siwek and Rosenbe{g2] performed experiments in g\ 15564 and should be useful for operations involving EO

vesse_![s I_arg_e enom:]gh o al:ow the detetrmflrna:lo; 8f ?xplosmrl} processing in which the vapour space is partly or fully diluted
severity indices whose values are not affected by too small i, hitrogen. The goals were:

size of the test apparatus. Their investigation was comprehen-
sive and focused on establishing dependencies between thé. to investigate the influence of nitrogen dilution (20,

e The maximum explosion pressure is independent of the
ignition energy applied, the degree of turbulence and vessel
volume.

The maximum rate of pressure rise is dependent on the
ignition energy, the degree of turbulence, temperature and
vessel volume.

For turbulently decomposing ethylene oxide vapour, the
maximum decomposition pressure equals that of the qui-
escent decomposing ethylene oxide vapour (i.e., results are
independent of turbulence).

Under turbulent conditions, thi€q value, calculated ac-
cording to the cube-root-law, is independent of vessel size.
The initial turbulence level has no recognizable influence
on EO decomposition characteristics.

explosion severity indice®faxand (dP/dt)max) and the igni-
tion energy, initial pressure, temperature and turbulence level.
They experimentally studied pure ethylene oxide vapour de-

40%, v/v) on the explosion severity indiceB.{zx and
(dP/dt)max) Of quiescent EO nitrogen mixtures and pure
EO vapour;

composition in three differently sized vessels (201, 1 and 2. to investigate the influence of the ignition energy on

10 P) in the initial temperature range of 40—200 and the

the explosion severity indicesPax and (dP/dt)max)
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of quiescent pure EO vapour. Initiation of a flammable 3.1. Species present in post explosion mixture

mixture by means of pyrotechnic igniters disturbs

the quiescent mixture in the neighbourhood of the  The set of considered species should be comprehensive
igniters. This disturbance creates a turbulence level atand complete. Unimportant species, i.e., species present only
the beginning of the decomposition flame propagation ata very low concentration at the equilibrium stage, might be
process resulting in, depending on the ignition energy neglected, but omission of an important compound would re-
and mixture reactivity, a variation in the value of various sultin incorrectly calculated values. A review was conducted
explosion parametef86]. Therefore, if a dependence of tofind all reported EO post-decomposition products. There is
the ignition energy on the explosion severity parameters no agreement between researchers concerning the presence
is found, it will prompt the need for further studies; of sootin the post-decomposition mixture of ethylene oxide.
and The presence of soot was experimentally fo[i®]7]and in-

3. to investigate the explosion severity indic&%,§x and cluded in theoretical calculations. Soot in the calculations is
(dP/dt)max) of pure EO vapour at very high turbulence represented as a carbon in a solid phase, i.e., graphite (C(S))
levels, which would be beyond those present in industrial [4,3,28] Other species, like acetaldehydeH3, CsHg, and
practice. Such data would define the highest limiting C4Hg, were found23,24,21,1] The final list of species con-
value of the severity parameters for deflagration of EO sidered in the computations consists of: C,££B80, CQ,
vapour. C2H4, C2H5, C3H8, C2H40, CH;, CHQO, H, Hz, OH, Hzo,

0O, O, HCHO, CHCHO, GH», C3Hg, C4Hg, C4Hg-trans,
The decomposition of initially quiescent ethylene oxide CsHg-cis and C(S).

and mixtures of EO with nitrogen was studied at 1@0and

4 bar initial pressure. To initiate the decpmposlltlo'n. reaction, 5 5~ culations

a tungsten-fused wire (0.72 J) was applied as ignition source

as well as pyrotechnic igniters of 180 and 540 J. The thermodynamics of gas mixtures as well as post-

explosion products at modest pressures (up to 50 bar) can
be described with sufficient accuracy by ideal gas behaviour.
3. Theoretical calculations Thermochemical equilibrium calculations have been carried
out with an Equil subroutine of the Chemkin 34L]. Due
If EO vapour is ignited by a low energy ignition source, its  to the uncertainty regarding the presence of soot in the post
decomposition process may be described as a deflagrationexplosion EO-mixture, two thermodynamic models were as-
Under these conditions, explosion pressures can be readsumed: one with and the other without soot presence.
ily estimated utilising routine equilibrium thermodynamics ~ The equilibrium pressure was calculated as a function of
procedures to determine maximum explosion pressures forinitial temperature for different EO—nitrogen mixtures to il-
ideal gas phase and ideal condensed phase products. The[ystrate the change of the final to initial pressure ratio with
mOdynamiC calculations were done at different initial mix- Changing of the initial tempera‘[ure_ In the past, a constant
ture compositions (EO anda) temperatures, pressures and pressure rise ratio has been assumed for all initial tempera-
post-decomposition products. tures. Results are presentedFigs. 1 and 2It can be seen that
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Fig. 1. Effect of initial temperature and mixture (EOz)Nomposition on the maximum equilibrium pressure. Solid line model with soot, dashed line model
without soot.Pj,i =4 bar andTj,j =100°C.
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Fig. 2. Effect of initial temperature and mixture composition (EQ)-bin the adiabatic flame temperature. Solid line model with soot, dashed line model
without soot.Pj,i =4 bar andTi,j =100°C.

the explosion pressure decreases with increasing temperatur&00°C are presented ifables 2 and 30nly the main species
at constant initial pressure. Thus, the pressure ratio decreaseat the equilibrium state (concentration above 0.01 mole%) are
with increasing temperature and should not be taken only aslisted.
a constant value independent of changing temperd8jre It can be noticed that lower values of the maximum adi-
Indeed, assuming that explosion behaviour follows, at leastabatic flame temperature are found for the thermodynamic
by approximation, the perfect gas law, then it can be shown model with soot. Equilibrium pressures, however, are higher.
that the maximum explosion pressure decrease linearly with Since C(S) sublimates at about 38%5 it remains in the
the reciprocal of the absolute initial temperat{88]. Such solid state and does not contribute to the gas phase volume,
behaviour is indeed found in practice. thus, to the explosion pressure.

The equilibrium conditions of the EO-nitrogen mixture For a gas mixture contained in a spherical vessel at rel-
using both thermodynamic models (with and without soot atively low initial pressures (e.g., below ca. 10 bar) and de-
present) at the initial pressure of 4bar and temperature offlagrating this mixtures under conditions such that the flame

Table 2
Equilibrium conditions calculated with soot
Initial composition Equilibrium composition (mole%) Total (%) Tequil (K) Pequil (0ar) ~ No. of moles
(mole%) (mole)
CyH40 N2 CHy CO CO Haz H,0O N2 Soot
50 50 3387 17760 Q687 33714 2221 21355 20875 99999 128726 2827 528
60 40 3562 19645 0604 36683 2102 15304 22097 99998 132719 3203 581
70 30 3718 21155 Q546 39067 2015 10398 23099 99998 136081 3578 633
80 20 3864 22392 Q0503 41015 1951 6337 23935 99997 1389%5 3952 684
90 10 4001 23426 Q471 42633 1904 2919 24641 99996 141477 4326 7.36
100 0 4132 24305 Q447 43994 1871 Q000 25247 99995 143693 4700 787
Table 3
Equilibrium conditions calculated without soot
Initial composition Equilibrium composition (mole%) Total (%) Tequil (K)  Pequi (bar)  No. of moles
(mole%) (mole)
CoHO N CHy CO GHs  CHs  H2 CoHz  CgHeg N2
50 50 22794 31511 2586 Q126 9919 1330 0203 31517 99986 140461 2644 453
60 40 24480 34974 2994 Q143 12093 1744 0234 23321 99983 144325 2937 490
70 30 25913 37948 3339 0158 13983 2110 0263 16267 99979 147362 3224 526
80 20 27154 40531 3634 Q172 15630 2430 0289 10135 99976 149846 3508 563
90 10 28244 42799 3892 Q186 17072 2709 Q313 4757 99972 151936 3789 6.00

100 0 29212 44808 4120 Q199 18342 2953 0336 Q000 99969 153731 4069 637
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speed is well below sonic velocity (thus, precluding gas dy- storage canister have double walls to allow the circulation of
namic pressure effects) the explosion pressure can be estia thermofluid for heating and cooling. The heating/cooling

mated using the perfect gas law: system is constructed in such a way that it enables simulta-

neous heating or cooling of the explosion chamber and stor-
Pexp Nexp Texp . . .
=)= age canister to the same temperature. It is also possible to
Pini Rini Tini

heat or cool the vessels to temperatures different from one
The maximum explosion pressure reached depends on twoanother. The temperature of the vessels is monitored by ther-
ratio-terms. The first of these terms relates to the number of mocouples. Two piezo-electrical pressure transducers trace
moles of gaseous species present relative to the number othe development of the explosion in the explosion chamber
gaseous species initially present. The second term gives théndependently.
ratio of the absolute explosion temperature in the system to
the initial absolute temperatuf@8].

The results shown ifiables 2 and 8ould seemtoindicate 5. Decomposition experiments of stagnant EO
that the first term is not negligible. In other words, a higher vapour and EO-nitrogen mixtures
maximum pressure can be obtained at a lower adiabatic flame

temperature due to the larger number of gaseous products Quiescent explosion experiments were performed for pure
formed. ethylene oxide and ethylene oxide diluted with nitrogen.

5.1. Experimental procedure

4. Experimental apparatus
The experimental procedure consists of three main steps.

The test equipment used is a strengthened 20-1 sphereln the first step, the explosion sphere is closed and nitrogen
(Fig. 3). The strengthened sphere is a reinforced and up- is used to replace air in the explosion Sphere. The explosion
graded version of the standard, commercially available 20-1 Sphere is evacuated to 0.3 bar, and subsequently nitrogen is
explosion sphere. In comparison with the standard 20-I sphereadded up to 4 bar. This operationis repeated three times ensur-
[39,40] it can handle a wider range of operating conditions. ingthatthe oxygen concentration remaining is nothigher than
The dimensions of the equipment are identical to the standard0-0088% (v/v), i.e., 0.5 cfnat the end of the third repetition.
20-| sphere. With the strengthened 20-I sphere, it is possible!n the second step, the necessary amount of ethylene oxide
to conduct experiments at process conditions, like high ini- is added. In the third step, the required amount of nitrogen
tial pressures, up to 35 bar’ and h|gh initial temperatures, upiS added. Its addition is |n|t|aIIy rapid to facilitate the mixing
to 300°C. The explosion chamber is connected to a stor- Process. The mixture is left undisturbed for 5min. Since the
age canister through a duct. A fast acting valve opens anddensity ratio between EO anchié small, i.e., equal to 1.38,
closes the borehole of the duct within an adjustable time, the two compounds can be mixed well by means of diffusion

called the injection time. Both the explosion chamber and Within the allowed time.
For experiments with pure EO, only the first step remains

unchanged. In the second, final step, EO is added up to 4 bar
| and released to atmospheric pressure. This procedure is per-
' formed three times, ensuring low nitrogen content.

In all quiescent experiments the mixture is left undisturbed
for at least 2min so that remaining turbulent gas motions
decay. Then the mixture is ignited, and pressure signals are
recorded.

S R B = 5.2. Experimental results

Table 4summarises the experimental decomposition re-
LA sults of EO-nitrogen mixtures, affdble 5shows the effect
of ignition energy variation on the decomposition of pure EO
vapour. The explosion time is defined as the time interval
\ : ; between the moment the mixture is ignited and the moment
N N—— 1 the maximum pressure value is reached. Every experiment
| was performed at least twice. The results are reproducible.
- The biggest reproducibility discrepancy was observed for the
: 60% EO-nitrogen mixture. In all experiments with an EO

. o .
Fig. 3. Cross-section of the strengthened 20-I sphere with the storage canisterconC(':'_n_trat_lon above 60%, ﬂUﬁY _SOOt Was formed in small
on the left. quantities in the post decomposition mixture. The amount of
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Table 4
Effect of nitrogen content on the explosion severity indices of ethylene oxide
Experiment Composition  Ignition (dP/dt)max (bar/s) Pmax (bar) Kq Experimental Remarks
no. EO/N, (EO%) energy (J) sbar m/s) time (s)
Sensorl Sensor2 Average Sensorl Sensor2 Average

2 60 180 3736 3720 3728 2042 2018 2030 1012 130

3 60 180 33%9 3595 3482 1948 2070 2009 945 172

4 60 180 2309 2293 2301 1759 1749 1754 625 173

5 60 180 2%6 3006 2981 1872 1876 1874 809 151

6 60 180 1640 1584 1612 1731 1713 1722 438 348

7 60 180 2M5 1953 2024 1728 1741 1735 549 277

8 80 180 326 3193 3295 2572 2512 2542 894 128 Soot is present

9 80 180 4001 4215 4108 2607 2512 2560 1115 119 Soot is present
10 80 180 523 4883 5103 2763 2673 2718 1385 099 Soot is present
21 80 180 4416 4146 4281 2615 2573 2594 1162 122 Soot is present
18 100 180 721 7707 7614 3392 3301 3347 2067 072 Soot is present
19 100 180 785 7959 7922 3398 3347 3373 2150 074 Soot is present
27 100 180 8a3 8128 8071 3392 3305 3349 2191 072 Soot is present

Table 5
Effect of ignition strength on the explosion severity indices of pure ethylene oxide
Experiment  Ignition (dP/dt)max (bar/s) Prmax (bar) Kg Experimental ~ Remarks
no. energy (J) (barm/s) time (s)

Sensor 1 Sensor 2 Average Sensor 1 Sensor 2 Average
23 071 4001 4017 4009 3186 3164 3175 1088 134 Soot is present
25 Q072 4036 4305 4171 3188 3184 3186 1132 133 Soot is present
18 180 7521 7707 7614 3392 3301 3347 2067 072 Soot is present
19 180 7835 7959 7922 3398 3347 3373 2150 074 Soot is present
27 180 8013 8128 8071 3392 3305 3349 2191 072 Soot is present
28 540 16657 17685 17171 3654 361 3632 4661 042 Soot is present
29 540 17528 17180 17354 368 3603 3642 4711 041 Soot is present

soot increased with a higher initial concentration of EO in shortest explosion time and the highest maximum explosion
the mixture. pressure.
Our experimentally determindgy value for the decom-
position of quiescent pure EO vapour is very similar to the
experimental data of Siwek presented by Barkne@iy(. 73 6. Observations and discussion of stagnant EO
and 75). Siwek measuredky value of 26 barm/s compar-  decomposition experiments
ing to our value of 21 bar m/s. The difference can be easily

attributed to the difference in the ignition energy used; 250J  Table 6andFig. 6compare explosion pressures calculated
used by Siwek and 180 J used by us. When, even higher ig-by the thermodynamic model with and without the presence
nition energy was used (540J), thg value increased to  of soot in the post explosion products and experimentally ob-
46.88 bar m/s, overshooting the value of Siwek. Substitution tained results. As anticipated, the experimentally determined
of the ignition energy used by Siwek into an equation de- explosion pressures are lower than those theoretically cal-
rived fromFig. 9yields aKy value of 26.7 barm/s, closely  culated for the adiabatic situation. The differences between
matching the results of Siwek. the theoretical and experimental values are possibly due to

Examples of a few tests for different EO-nitrogen mix- the occurrence of heat losses in the 20-1 explosion sphere,
tures for both sensors are presenteféig 4. It can be noticed  partial equilibrium being attained during the explosion, and
that the results become less reproducible with increasing ni-incomplete decomposition of EO. The difference between
trogen concentration. Especially for the mixture composition the theoretical and the experimental value increases with in-
with 40% nitrogen, the pressure-time curves do not overlap creasing nitrogen content in the mixture. Higher nitrogen
each other, exhibit different explosion times, and have even content slows down the explosion rate. Hence, it prolongs
different shapes. the explosion time Table 4, and therefore, increases the

Fig. 5shows the effect of the ignition energy on the de- heat losses. Increased heat losses reduce the maximum tem-
composition of pure EO vapour. A clear correlation between perature achieved, which, in turn, lowers the pressure and
the explosion time and the magnitude of the ignition energy increases the amount of unconverted EO. The difference is
is visible. The largest ignition energy applied results in the |arger for the thermodynamic model with soot present.
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Consideringlables 4 and sandFigs. 6—1Qhe following

can be observed:

1. The maximum explosion pressure and the maximum rate 2.

of pressure-rise increase with increasing EO concentration

Table 6

inthe EO-nitrogen mixture. Within the investigated range,
the dependence s linea&i{s. 6 and . The higher the EO
concentration, the higher the measured explosion indices.
For pure EO, the maximum explosion pressure and the
maximum rate of pressure-rise increase with increasing

Maximum explosion pressure of pure ethylene oxide decomposition (IE=180J)

Initial composition (% EO) P (atm) Difference model-experiments
Model with soot Model no soot Experiment With soot No soot
100 4332 3741 3373 990 399
80 3643 3227 2594 1039 623
60 2953 2703 2030 1099 849
50 2607 2435 - - -
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Fig. 6. Effectof mixture composition dPiay; comparison between theoretical and experimental vaRygs: 4 bar,T;,; = 100°C; lines—theoretical calculations
(solid—model with soot, dashed—model without soot), points—experimental results ignited by different ignition energy.

ignition energy{37]. The higher the ignition strength, the All investigated dependencies are linear relations and are
higher the maximum explosion pressure and the maxi- given inTable 7 These can be used for explosion severity pa-
mum rate of pressure-rise. Within the investigated range, rameters prediction within the range considered in this work.
this dependence is lineaFifis. 8 and @ A very strong The best approximation is the influence of the ignition en-
correlation exists between the applied ignition energy, the ergy on the explosion pressur@®(=0.9931) and the worst
mixture composition and the explosion time. The higher is the influence of nitrogen dilution on the maximum rate of
the ignition energy and EO concentration in the mixture, pressure riseR =0.8575). The value d®2 shows how well

the shorter the explosion tim€&i@. 10). the linear approximation fits the experimental results.

. The explosion time changes significantly with changesin ~ The first and third dependency is fully in agreement with

the EO/N mixture composition. A mixture of 60% EO  what is expected. Higher concentrations of non-reactive ni-
and 40% nitrogen has the longest explosion time; pure EO trogen increase the heat sink capacity of the explosive mix-
has the shortest. ture, thus, lowering the decomposition flame temperature.

. The presence of soot in the post-explosion mixture is ob- The lowering of the flame temperature reduces the laminar

served for experiments in which the EO concentration is burning velocity. The lowering of the decomposition flame
80% (v/v) or higher. speed reduces the maximum rate of pressure rise. As the du-
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Fig. 7. Effect of the mixture composition (EO<Non the maximum rate of pressure rise. |E = 18B;¢,= 4 bar andl;,; =100°C.
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Table 7

Explosion indices dependencies for EO decomposition

Dependency Formula Applicability range R2 Figure
Influence of N dilution onPpax (bar) Pmax=37.549 (Yeo)- 3.9931 Yece (0.6, 1.0; IE=180J 0.9758 6
Influence of N dilution on (dP/dt)max (bar/s) (dP/dt)max=123.52 (Yeo)- 49.633 Yece (0.6, 1.0; IE=180J 0.8575 7
Influence of IE orPmax (bar) Pmax=0.0083 (IE) +31.93 IE=0.7-540J; Yeo=1.0 0.9931 8
Influence of IE on (&/dt)max (bar/s) (dP/dt)max=0.2473 (IE) + 37.447 IE=0.7-540J; Yeo=1.0 0.9722 9

Pini =4 bar,Tini =100°C.

ration time of the explosion becomes longer, the heat lossesfrom deterministic to probabilistic. As a consequence, the ex-
to the walls of the vessel increase. These increased heat lossgdosion behaviour of mixtures rich in nitrogen (i.e., greater
lower the maximum explosion temperature and thus form an than 40 mole%), exhibits poorly reproducible (i.e., varying
additional factor in reducing the maximum explosion pres- shape) pressure—time curves for the same initial conditions
sure. In a similar way, the second dependency is explained.(Fig. 4). Additionally, variation of the explosion time is sig-
The higher the ignition strength, the higher the locally created nificant, i.e., from 0.68 to 3.48 §4ble 4. This mixture com-
turbulence intensity ahead of the propagating flame front in position is close to the limiting nitrogen concentration for EO
the incipient moment of propagati§®6]. The turbulenceen-  decomposition. The pressure rise of the 60mole%/40 mole%
hances the instantaneous reaction area of the decompositioO/N2 mixture exhibits the highest rate of pressure rise at the
flame, increasing the heat release rate. As a consequence, beginning of the explosion. For flammable mixtures with low
higher decomposition flame temperature is reached, thus, daminar burning velocities, for which the explosion time is
higher maximum rate of pressure rise (fourth dependency) long, the buoyancy effect contributes more significantly to the
and maximum explosion pressure. explosion process thanis the case for mixtures with high burn-
Dependence of the maximum explosion pressure on theing velocities. The flammable mixture is ignited in the centre
ignition energy, although not noticed by Siwek and Rosen- of the explosion sphere. After the ignition, the density dif-
berg[32], was also observed by Brittdd]. He investigated  ference between the hot burned gas and the cold unburnt gas
the limiting dilution concentrations of nitrogen and propylene forms the buoyancy force, which causes the decomposition
oxide for EO decomposition at an initial pressure of 6.5 bar flame front to propagate upwards in the upper half of the ex-
and an initial temperature of 16&. Britton noticed a signif- plosion sphere. Therefore, the upwards-propagating decom-
icant influence of different type of ignition sources, ignition position flame front is the sum of the burning velocity and the
energies and turbulence intensity on the explosion pressurebuoyancy-induced velocity of the upward movement, while
For a mixture composition of 52-52.6 mole% of nitrogen in the buoyancy force opposes the downwards-propagating de-
EO, the results are presentedable 8 The maximumexplo-  composition flame. Thus, the characteristic of the propagat-
sion pressure and the maximum rate of pressure-rise increasing decomposition flame is changing in the course of the
with higher ignition energy as well as the initial turbulence explosion, showing a higher reaction rate (pressure-rise rate)
intensity. at the beginning of the EO decomposition process (predom-
It can be envisaged that if a sufficient concentration of inantly upwards flame propagation) and lower reaction rate
inert gas (nitrogen) is present in an EO mixture, the heat ab- at the time of the downward propagation. Especially during
sorbed by the large heat sink capacity of this inert gas coupledthe downward propagation, the decomposition flame is dis-
with the reduction of net EO decomposition rate due to dilu- torted more easily compared to its upward propagation. For
tion is so great that the resultant flame temperature is too lowthis reason the downward propagation is slower and is also
to sustain stable decomposition flame propagation. Becausemore chaotic (i.e., less deterministic) in nature. Such a chaotic
the decomposition flame has become unstable, the decompoeecomposition flame front is mirrored in a prolonged explo-
sition flame front is easily suppressed (quenched) in colder sion ig. 11). Consequently, a greater variation in explosion
regions of the mixture, but, of course, enhanced in hotter re- pressure—time behavioufify. 4), longer explosion time, and
gions. In other words, as the decomposition flame becomesa slower rate of pressure-rise are found.
increasingly unstable, flame propagation behaviour changes The fourth observation, the presence of soot in the post
explosion EO mixture, is significant. Soot presence is not ex-
perimentally observed for EO/nitrogen mixtures of 60 mole%

Table 8 . - . .
Summary of experiment ignited by different ignition types (52-52.6 mole%s Of EO, but for mixtures with higher EO concentrations.
EOinNy) The theoretical calculations dable 2andFig. 12 suggest
Ignition type Kqg (bar m/s) Prmax (bar) Mixture status the presence of soot in the entire investigated range of the
Hot wire 2 128 Stagnant EO—mtrogen mlxt.ure composition. .

EO flame 9 25.9 Stagnant This observation suggests the following: (1) for the
Gunpowder 19 29.9 Stagnant 60mole%/40 mole% EO/Nmixture, the decomposition pro-
Gunpowder 88 33.7 Turbulent cess is far from equilibrium conditions; in addition, it has the

Pini =6.5 bar,Tinj =165°C [4]. longest reaction (explosion) time and greatest heat losses; or
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Fig. 11. Pressure development for 60mole%/40 mole% of EO/N2 mix®yie= 4 bar andTi,; = 100°C.

(2) changes in the initial composition of the mixture cause performed for pure EO vapour for the same initial conditions
changes in the decomposition reaction path (i.e., cause a dif{Pj; =4 bar andT;,; =100°C). The calculations were con-
ferent reaction mechanism). The flame temperature is depenstrained such that the requested amount of soot was present
dent on the initial composition of the EO-nitrogen mixture. at the equilibrium stage (forced equilibrium). The results are
Temperature has a strong influence on the reaction paths of gpresented ifable 9and inFig. 13

hydrocarbon—oxidiser systef#i7]. Therefore, the maximum With a higher amount of soot, the adiabatic flame temper-
temperature of the mixture is constrained by its initial compo- ature increases. The maximum pressure also first increases,
sition. Since only above a certain EO concentration soot wasreaching its maximum at 0.45 mole fraction of soot in the mix-
observed in the experiments, it seems that formation of sootture, and then decreases. For the unconstrained equilibrium
during the EO decomposition is sensitive to the flame tem- calculation, the soot mole fraction is 0.252 and the explosion
perature changes, which, in turn, changes the decompositiorpressure is 42.7 bar. The change in the soot concentration
mechanism of EO and thus its kinetics. One may, thus, ask thestrongly affects the maximum pressure.

following question: what is the effect of soot concentration With respect to our second and third observations, one
(forthe same EO mixture composition) onthe measured valuemay ask an additional question: What is the minimum re-
of the maximum explosion pressure? In order to answer this quired volume of an experimental apparatus such that heat
question, as an approximation, equilibrium calculations were losses can be neglected in the EO decomposition process?
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Fig. 12. Calculated mole fraction of soot presence at equilibrium state as a function of nitrogen dilution in EO mijxtarébar andTj,; = 100°C.
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Table 9
Forced equilibrium results of pure EO with different composition of soot at the equilibrium state
Equilibrium composition (mole%) Total (%) Tequil (K) Pmax (bar)
CHy CO CQo H Ha H20 Soot
3.831 24383 0408 Q000 44447 1720 25208 999959 143713 4274
1.939 21912 0588 Q000 45178 2881 27499 999986 14529 4339
0.606 19249 Q751 Q000 44842 4551 29999 999995 150660 4459
0.124 16639 0862 Q000 43176 6700 32499 999997 160214 4616
0.025 14089 0911 Q001 40872 Q101 34999 999998 171224 4759
0.006 11595 Q0904 Q003 38392 11599 37500 999998 182113 4368
0.002 9154 0846 Q006 35839 14155 39999 999997 19254 4942
0.000 6762 Q735 Q012 33224 16766 42500 999993 202664 4983
0.000 4428 0566 0021 30548 19435 45000 999983 212205 4993
0.000 2164 Q0327 Q033 27798 22174 47500 999961 221326 4973
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Fig. 13. Equilibrium pressure and adiabatic flame temperature as a function of soot concentration in the constrained edylibrilipar andr;y; = 100°C.

The volume of Britton’s experimental apparatus was 30 times lation of the reacting gas in the upper parts of the vessel and
larger than the 20-l explosion sphere. Nevertheless, the max-consequent heating of the unburned mixture due to radiation,
imum explosion pressures were far below the theoretically convection, conduction and compression. All of these in turn
calculated values and the explosion time varied significantly. relate to the moment that the flame reverses direction and
Based on all the available experimental evidence it can bepropagates downwardly.

stated that if the reactivity of an investigated mixture is low,

there will always be significant internal heat losses irrespec-

tive of even higher volumes of the experimental vessels. This 7, Decomposition of turbulent EO

is because the buoyancy force that is always induced by an

ignition source. If the mixture is barely reactive, the buoy-  The decomposition of stagnant EO vapour is a clear func-
ancy force is the dominating force causing the upward flame tion of ignition energy, as can be seenFigs. 8 and 9As
propagation. The barely propagating flame propagates to theconcluded ir{36], the energy liberated by a pyrotechnic ign-
top of the vessel and is quenched due to heat losses, conitor disturbs the quiescent gas layers in the neighbourhood of
sequently only a fraction of the flammable mixture is con- the ignitor in the unburned mixture ahead of the propagating
verted. In such situations, the scaling up of experiments to flame. The turbulence intensity that is created is proportional
even larger volumes (i.e., greater than 6001) does not causeo the amount of energy released by the ignitor. Therefore,
combustion to occur in a more adiabatic way, as it does for the found dependence of the maximum rate of pressure rise
highly reactive mixtures. For the case of a very slow, barely on the ignition strength might suggest that the turbulence in-
propagating flame experiments in larger vessels will there- tensity influence the EO decomposition. This would be in
fore not change the nature of the flame propagation, as heatigreement with the results obtained by Brit{df. He re-
losses to the top parts of the vessel will always remain. How- ported on the influence of the ignition energy, and ignitor
ever, combustion studies in larger vessels do offer interestingtype on EO decomposition. Additionally, he reported on the
possibilities. These relate to studying the effects of accumu- influence of turbulence induced by stirring prior to ignition
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on the explosion pressure and the maximum rate of pressurdated equilibrium pressures most likely originates from either
rise (se€Table §. However, both Siwek and Rosenb¢3@] differences in the chemical species considered or the thermo-
and Barknechi2] disregarded the effect of turbulence on EO dynamic values used for the calculations.

decomposition. To resolve the disagreement, it was decided

thatin the currentwork significantly high turbulence intensity

would be created prior to ignition. 9. Experimental observations and discussion

The experimental procedure was largely identical as
8. Theoretical calculations described in Sectiorb.1l, but with one exception. The
conditions of high turbulence were created by a rapid

Britton [4] obtained interesting results for turbulently injection of a small amount (5%, v/v) of nitrogen into the
decomposing ethylene oxide. His experimentally deter- stagnant EO vapour present in the explosion sphere prior
mined explosion pressures are higher than the theoreticallyto ignition. The rapid injection creates a turbulence level
calculated values for adiabatic conditions. If both these that starts to decay after the completion of the injection.
theoretical and experimental results are correct, they suggestn this specific case, the nitrogen injection caused the
that at certain experimental conditions (due to turbulence) ethylene oxide present in the duct between the storage
the explosion pressure is increased by some undefinedcanister and the explosion sphere to decompose. This was
means that is not considered in the adiabatic thermochemicaldone to boost the turbulence level in the explosion sphere.
equilibrium approach. If true, this would be a very significant A pyrotechnic ignitor of 180J was used as the ignition
finding. source.

The thermochemical equilibrium model assumes adi- It is realized that turbulence intensity induced by such
abatic behaviour and formation of equilibrium-defined injection method cannot be quantified. However, for the pur-
concentrations of post explosion compounds and their poses here, such quantification, while desirable, is not strictly
expansion due to the temperature rise caused by the liberateshecessary. This is because the goal was to investigate whether
heat. This approach reproduces deflagrations (dynamicthe hypothesis of Siwek and Bartknecht, i.e., that turbulence
effects are neglected) in closed systems well and gives thedoes not affect the decomposition of EO, could be validated
highest possible attainable explosion pressure. Turbulentor not. For this purpose, achieving a significant level of turbu-
conditions could lower the heat losses such that the exper-lence is necessary and sufficient, and this was accomplished
imental system becomes more adiabatic, but the theoreticalby the injection method used.
values should not be exceeded. Exceeding the theoretical The measured explosion pressure, in the 20-I explosion
values would suggest that there is either an unknown energysphere of the turbulent pure ethylene oxide equalled 58 bar.
source that causes a higher explosion pressure, or an errorAbout 20 times more soot was formed, in the post explo-
either in the experimental procedure or in the theoretically sion mixture, in case of turbulent EO decomposition com-
calculated equilibrium values. pared to quiescent EO decomposition. Comparisons of the

Therefore, the equilibrium calculations of Britton werere- EO decomposition explosion indices at quiescent and turbu-
calculated to check their validity. The theoretical values so lent conditions (average values) are presentetainle 10
obtained are higher than the values of Britton (&g 14). A significant change can be observed for the maximum rate
The difference between Britton’s and our theoretically calcu- of pressure rise and consequently evalue (factor 33).
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Fig. 14. Comparison of the turbulent experimental data (EO—nitrogen) and theoretically calculated values, as found by Britton (dashed lingjsatid TUD
line); points show experimental results of Brittdt,; = 6.5 bar and,; = 165°C.
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Table 10 As can be seen, the experimentally determined explosion
Explosion severity data for EO decomposition pressure lies between the two calculated scenarios giving the
Mixture status Pmax (bar)  (P/d)max (bar/s)  Kq (barm/s) credibility to the experimental value. It may be concluded
Quiescent (pure EO) 336 7869 2136 that the higher initial pressure (5.7 bar), due to decomposi-
Turbulent (5% N) 58 258106 70061 tion of ethylene oxide in the duct, is responsible for the higher
P=4bar,T=100°C and [E=180J. than initially calculated value of 49.93 bar, which is based on

an initial pressure of 4 bar. A significant effect of the turbu-
lence level on the maximum rate of pressure rise and hence

Contrary to conclusions presented in the work of Siwek and onKg cannot be explained by a small difference (factor 1.43)
Rosenberg32] and Bartknechi2], that the initial turbulence  in the initial pressure. Thkg value obtained for quiescently
level is insignificant for EO decomposition, it was found that decomposing EO vapour is 22 bar m/s and for turbulently de-
turbulence does indeed strongly affect the explosive decom-composing EO vapour 701 bar m/s (factor 33). This pressure
position of pure EO vapour, more specifically the maximum difference appeared as an undesired effect of the chosen ex-
rate of pressure rise and the explosion pressure. This findingperimental method for the high turbulence level creation and
is in agreement with work of Brittof#]. does not have a significant effect on the main investigated

The maximum explosion pressure is affected considerably hypothesis.
by the state of the mixture: 33.56 and 58 bar for quiescentand ~ The discrepancies between results of Siwek and obtained
turbulent decomposition, respectively. The highest attainable in this work possibly could be explained by the method Si-
explosion pressure for EO decomposition, initially at 4 bar, is wek used to create turbulence prior to ignition. If too low pre-
49.93 bar, irrespective of the soot concentration in the post ex-injection pressure difference between the storage canister and
plosion mixture (se€ig. 13andTable 9. The formationofa  the explosion vessel was used the resulting turbulence level
larger amount of soot under turbulent conditions increases thewould be too low to observe a noticeable differences between
calculated explosion pressure but not to the value of 58 bar. Aturbulent and quiescent EO decomposition. Since Siwek in-
plausible explanation of the high explosion pressure can bejected only 5% (v/v) of nitrogen to the 20-I explosion sphere,
attributed to fact that the high turbulence level, created in the this explanation is very plausible. The difficulty in creation of
explosion sphere by decomposing the ethylene oxide in theturbulence of significant intensity prior to ignition would es-
duct, increased the initial pressure of the mixture prior to ig- pecially apply to large-volume vessels where a higher amount
nition. The initial pressure was 5.7 bar and not 4 bar. The hot of injection gas is needed. After completion of the nitrogen
decomposition products emanating from the duct increasedblast to explosion vessel created turbulence intensity decays
the initial pressure butdid notignite the ethylene oxide vapour over time. The moment a flammable mixture is ignited with
in the explosion sphere. respect to the moment the nitrogen blast enters the explosion

In order to confirm the experimentally measured explo- vessel is called the ignition delay time. The ignition delay
sion pressure value, two extreme calculation approaches werdime corresponds the turbulence decay after the injection.
considered at the initial pressure of 5.7 bar. In the first ap- Therefore, another possibility is that the ignition delay time
proach, the decomposition products of EO were assumedwas notchosen correctly (i.e., was too long) hence the mixture
to be inert and are represented by nitrogen. In the secondunder investigation might be almost stagnant at the moment
approach, it was assumed that a small and non-significantof ignition. In both cases of the explanation attempts of the
fraction of EO decomposed causing the increase of the ini- results of Siwek, the effect is the same: non-significant turbu-
tial pressure inside the explosion vessel prior to the ignition. lence intensity atthe moment of ignition. However, the exper-
Hence, the mixture inside the explosion sphere consist of ni-imental results of Siwek presented by Bartknedfatie 1
trogen an ethylene oxide. The amount of injected nitrogen clearly show a difference between stagnant and turbulent EO
is known (5% at an initial pressure of 4 bar corresponds to decomposition. It is, thus, recommended to perform a sys-
a value of 3.51% at an initial pressure of 5.7 bar). In both tematic study on the effect of initial turbulence level on the
approaches it was assumed that soot was either present ogxplosive decomposition of EO vapour.
absent in the system. The calculation results are presented in

Table 11
10. Conclusions for stagnant and turbulent EO
decomposition
Table 11
Maximum explosion pressure calculations for turbulent EO decomposition  In this work, explosive decomposition of ethylene oxide in
by two approaches the 20-l explosion sphere was studied. Pure ethylene oxide or
Approach 1 Approach 2 diluted with nitrogen was ignited in the centre of the explosion
Without soot ~ Withsoot ~ Withoutsoot  With soot sphere by means of fused \.Nire and pymte.Chm.C ignitiors. For
pure, stagnant ethylene oxide vapour the ignition energy was
Eix”((t:(a;r) 14;1??7 13‘%‘215 1433? 14%85 varied from 0.71 to 580 J. The main points of the work may

be summarised as follows:
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