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Abstract

Process industry continues to be of central importance to the global economy. At the same time refineries are also
large, complex sites with many processes, several of which operate at very high levels of pressure and temperature,
and a vast pipeline to transport process fluids throughout the site and eventually to external modes of transport. This
combination of factors make refinery sites very vulnerable to a variety of corrosion phenomena that can eventually
cause aloss of containment of process fluids, sometimes leading to a serious accident affecting workers, the
environment, the surrounding economy and even on occasion the larger economy. This study of corrosion-related
accident in refinery is based on important refinery accident in which corrosion of an equipment was identified or
suspected as being the key failure leading to the accident event. In this paper, lower explosion limit, LEL, upper
explosion limit, UEL, and maximum explosion pressure of coke oven gas measured in 20 dm?3 explosion autoclave at
20 °C and 101 kPa, are presented in this paper. Furthermore, the presented measured values at 1.0 bar, 0.75 bar and
0.5 bar and temperatures 323 Kand 373 K.

Keywords: mixture, 20 dm3 autoclave, explosive gas, lower explosion limit, maximum explosion pressure, maximum
rate of pressure rise, deflagration index release, ALOHA, Google Earth Pro, free-ware program

Abstrakt

Procesni priimysl ma stéle zasadni vyznam pro globalni ekonomiku. Soucasné rafinérie predstavuji rozsahlé, slozité
podniky s mnoha procesy, z nichz nékteré pracuji pfi velmi vysokych tlacich a teplotadch a vyuzivaji dlouha potrubi pro
dopravu tekutin v misté podniku a pripadné i do dalsich ¢asti mimo podnik. Tato kombinace faktorG cini rafinérské
lokality velmi zranitelnymi vic¢i rlznym jevlim koroze, které mohou nakonec zpUsobit ztratu kontejnmentu provoznich
tekutin, coz nékdy vede kvdézné havarii postihujici pracovniky, Zivotni prostredi, okolni ekonomiku a dokonce i
prilezitost vétsi ekonomiky. Tato studie vychazi z havéarie zplsobené korozi v rafinérii, pri nichz byla zjiSténa koroze
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zafizeni, nebo se predpokladalo, ze je to klicova pri¢ina vedouci k havarii. V tomto ¢ldnku jsou prezentovany dolni mez
vybusnosti, LEL, horni mez vybusnosti, UEL, a maximalni vybuchovy tlak koksarenského plynu, zmérené v 20
dm3vybuchovém autokldvu pfi teploté 20 °C a tlaku 101 kPa. Déle jsou prezentovany zmérené hodnoty pfi tlacich 1.0
bar, 0.75 bar a 0.5 bar a teplotdch 323 Ka 373 K.

Klicova slova: smés, 20 dm3 autoklav, vybusny plyn, meze vybusnosti, maximalni vybuchovy tlak, ALOHA, Google
Earth Pro, volné stazitelny program

1. Introduction

In particular, the economic impact of corrosion phenomena and its consequences on refineries is significant, taking
into account maintenance and repair costs and production loss from planned and unplanned shutdowns. In the past,
many accidents with dangerous substances have occurred worldwide. The most frequent accidents were releases
(67%), some of which were followed by explosions (30%) [1]. After evaluating historical accidents and related
statistical sources, the following hazardous substance hydrogen as flammable corrosive gas was finally chosen as
representative for experiment and simulation. Coke oven gas-air (COG-air) is widely used mixture to demonstrate the
validity of any new theoretical or experimental approach to determine its combustion or explosion parameters due to
availability of many theoretical and experimental results using various techniques [2,3]. COG as a very complex
mixture has high industrial application range. In this case, study two atmospheric issues were highlighted in two
separate cases: D (the most frequent conditions during the year —» the most probable scenario) and F (the worst
dispersion conditions, cloud impact of the largest area —» the worst-case scenario).

2. Experimental set-up

The experimental arrangement in Fig. 2 consists of a 20-dm3 spherical stainless steel vessel (OZM Research, s.r.0.)
with working pressure up to 30 bar, a dosing vessel, gauge devices for liquid vapor and air and a heating chamber. The
explosion vessel was heated up to the required temperatures. The vessel was evacuated to a pressure 40 mbar, filled
with the fuel, filled up to 1 bar and purged by 3 times its volume by air. Before ignition, the mixture was allowed to
become quiescent and thermally equilibrated. Care was taken not to warm up the equipment by explosions by
temperature control unit Presto A30, (JULABO GmbH). The fuel mixtures were prepared by mixing together air and fuel
by inner stirrer. By the manufacturer, guaranteed mass fraction purity of COG mixture used in the present study is
more than 99.9 %.
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Figure 1: Spherical vessel experimental arrangement [2]
3. Results
3.1 Results of experiment

Fig. 2 illustrates the normalized peak explosion pressure (P /PO) versus equivalence ratio at atmospheric pressure

max

and four initial temperatures. The maximum explosion pressure, p was determined as the highest Pex found for

the mixture compositions investigated (Fig. 2). The peak explosic?\axpressure (PmaX/PO) is the maximum value of

explosion pressure, as indicated in Fig. 2. With the increase of temperature, the peak explosion pressure is decreased
due to the decrease of the total fuel mass. Besides, the peak explosion pressure is decreased. This is because the
species in flames at elevated temperatures are more reactive, resulting in the promotion of the whole reactions and
hence the faster flame speed. Specifically, the laminar flame speed of fuel-air mixture increases with the initial

temperature increasing from 323 to 373 K at the equivalence ratio of 1.0.
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ambient initial temperature, T0=298 K and three different initial pressures for COG

As observed from the experimental results, explosion pressure shows a certain regularity with the variation of coke
oven gas concentration (as shown in Fig. 2), and the maximum pressure achieves its peak value near the
stoichiometric concentration (equivalence ratio = 1.00) and tends to decrease if the concentration is lower or higher
than 1.00. This pattern forms because near the stoichiometric concentration, the coke oven gas and oxygen can be
fully utilized, causing the most intense reaction to occur, and thus, the largest pressure value is generated.
Investigated mixture display a marked increase in the value of the upper limit as the initial mixture pressure is
decrease bellow atmospheric. Concurrently, the lower limit is not changing. Reduction of initial pressure below
atmospheric narrows the range where no mixture of a particular fuel-oxidant combination is flammable.
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Figure 3: Normalized explosion pressure, Pex/Po, versus equivalence ratios (#=0.25-2.16) at different
initial temperatures and three different initial pressures for COG

Fig. 3 illustrates the normalized explosion pressure, Pex/PO, versus equivalence ratios. When the concentration of coke
oven gas is less than the stoichiometric concentration, even though there is surplus oxygen, the coke oven gas is also
in relatively shorter supply, so the explosion is relatively weaker, correspondingly producing relatively less pressure.
When concentration of coke oven gas is more than the stoichiometric concentration, the oxygen concentration will
relatively low. Thus, the coke oven gas concentration actually involved in the reaction is lower, so less pressure is
produced. The greater the concentration of coke oven gas, the less oxygen content, and therefore the less of the coke
oven gas actually participates in the reaction. Thus, the pressure becomes smaller. The explosion limits have widen

with an increase in initial temperature.

An experimental study on the explosion characteristics of COG/air mixtures was conducted with mathematical
modelling. The following Tab. 1 summarized the experimental results for atmospheric conditions.

Characteristic ’ Value ‘



COG (@) 1.0

pmax(bar) 8.2+0.16

(dp/dt)max (bar/s) 180+£18

KG (bar-m/s) 133+49
LEL (obj. %) 5.6-0.2
UEL (obj. %) 35.24+0.2

Table 1: Explosion parameters of COG at atmospheric conditions
3.2 Results of applications

For the details about a real or potential corrosive gas release and the threat zone the Areal Locations of Hazardous
Atmospheres (ALOHA) [4] was used. ALOHA is an atmospheric dispersion model used for evaluating releases of
hazardous chemical vapors. ALOHA allows the user to estimate the downwind dispersion of a chemical cloud based on
the toxicological/physical characteristics of the released chemical, atmospheric conditions, and specific circumstances
of the release. ALOHA can estimate threat zones associated with several types of hazardous chemical releases,
including toxic gas clouds, fires, and explosions. Threat zones can be displayed on Google Earth Pro [5] maps to help
users assess geospatial information, such as whether vulnerable locations (such as hospitals and schools) might be
impacted by the release or whether other nearby factors (such as construction zones) might complicate the response.
Two main releases of the selected substances were modelled: instantaneous release (in duration less than 60 s) as the
worst-case scenario (catastrophic rupture - 300 mm hole), and semi-continuous release as an alternative scenario
representing a more probable accidental situation (50 mm hole). The CO gas was used as a toxic chemical for
mathematical modelling.

The most important meteorological conditions influencing the dispersion of corrosive substances are direction and
speed of wind, stability class and air temperature. Regarding many possibilities in real situations, the following basic
conditions were finally chosen for modelling: The neutral stability of atmosphere [D class; medium wind speed of 5ms1
(the most frequent conditions during the year — the most probable scenario)]. The very stable stability of atmosphere
o

[F class; low-wind speed of 1.7 m.s™* (the worst dispersion conditions, cloud impact of the largest area - the worst-case

scenario)] [6]. The results of modelling are shown in Fig. 4-5.
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Figure 4: Instantaneous release of corrosive gas from 300 mm hole at stability D

Fig. 4 shows as an airborne chemical travels downwind, it mixes with air. A cloud containing a flammable chemical
within its flammability limits can ignite if it encounters a spark, flame, or other ignition source. The vapor cloud
combustions are deflagrations that propagate slowly and do not produce blast waves; these are usually referred to as
flash fires. For some highly reactive chemicals, the flame speed (the propagation speed) within part of the cloud is
accelerated by turbulence caused by obstacles or confinement resulting in a fast deflagration or transition to
detonation; either is referred to as an explosion. Both Fig. 4-5 depicted the fatal zones for investigated substance
represent 60% of LEL determined experimentally for a potential flash fire or vapor cloud explosion. These events can
generate blast waves; usually only a small part of the flammable cloud is involved, so the blast effects are limited. In
rare events, a high-power triggering event such as confined vapor cloud explosion can set off the explosion of the
entire flammable cloud.
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Figure 5: Semi-continuous release of corrosive gas from 50 mm hole at stability F

The overall results show a high-level severity in cases of both corrosion related accidents within industrial zones.
Taking into account the selected dangerous substance, the second scenario in Fig. 5 could cause the largest fatal zone.
When considering road or rail transport accidents, the radius of affected zone is up about 200 m. A shorter radius of
the order of tens of metres characterizes the results of instantaneous release dispersion modelling. It should be noted
that standard software either neglects humidity and topography, or is relatively insensitive to variations in them.
Therefore, CFD modelling should explore these conditions. Of all potential impacts, the financial impact of explosive
corrosion gas release in this case will be the most consistently and alarmingly high.

4. Conclusion

Corrosion-related accident in petroleum refinery was simulated with the experimentally obtained LEL explosion
parameters as inputs for modelling.

The main conclusions are summarized as follows:

= The explosion pressures of coke oven gas-air mixtures attained their highest value at a fuel-air ratio 1 within
the studied concentration ranges.

= The explosion pressure, the maximum rate of pressure rise, the deflagration index and the combustion
duration are decreased, while the normalized mass burning rate is increased with the increase of initial
temperature.

= 0.25 and 2.15 fuel-air mixture presents the shortest and the longest combustion duration and flame
development period, indicating the fastest and slowest flame speed.

= The increase of initial temperature linearly increase the LEL.

= The severity of catastrophic and of semi-continuous scenarios; distances of hazardous zones under two types
of weather conditions (the most frequent versus the worst condition from the point of view of cloud
dispersion) have been determined.

The results represents a continuation of numerous efforts by various research groups, where the key underlying
problem has been the understanding of results obtained in laboratory tests for predicting the consequences of
gas/vapor explosion scenarios in industry [7-8]. Our results can be employed when preparing more sophisticated
simulations based on computational fluid dynamics modelling, and aimed at investigation of the limitations of standard
models on one hand, and their improvement on the other hand.
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