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Abstract

Electrical apparatuses for use in the presencexpfosive gas atmospheres have to be
specially designed to prevent them from igniting éxplosive gas. Flameproof design implies
that electrical components producing incendiargteilgal sparks, e.g. relays and switches, be
contained in enclosures that not only withstand rtieximum pressure of an internal gas
explosion. In addition any holes or slits in thelesure wall have to be designed in such a
way that they will not transmit a gas explosionidesthe enclosure to an explosive gas
atmosphere outside it.

Designs of a variety of flameproof enclosure jointscluding plane flanged joints, are
specified in detail in international standards (JE€quiring that the maximum permissible
average roughness of any flame gap surface has to&3um. The standards also require
that any damaged joint surface has to be restavethe original quality prescribed in

standards (IEC). However, the standards do notigeosny guidance as to what level of
damage is considered significant. As a result eaaror mechanical or corrosive damage of
flame path surfaces gives rise to expensive ovédradirepair of flame proof apparatuses. In
fact, this is mandatory in spite of the fact thajenerous safety factor is included in the
requirements to maximum permissible gap widths. Egample, for the plane-flange

configuration and explosive gas (propane) usechéfdresent investigation, the maximum
permissible width in a practical apparatus is dh mm, whereas the real limiting value is
0.92 mm.

The purpose of the present investigation has beebtain some experimental guidance as to
what level of damage of flame gap surfaces is redquio significantly reduce the flame-
proofing effect of flame gaps in flameproof elecatiapparatuses.

The maximum experimental safe gap (MESG) of anastpé gas mixture is the largest gap
width between the two parts of a circular planat@f 25 mm breadth in a standardized test,
which prevents transmission of a gas explosion e ihside of the gap to an outside
explosive gas mixtures. Normally the purpose of [@E&periments is to compare MESGs of
different gases and vapours, using the same snftaotie gap surface in all experiments.
However, in the present investigation MESG has besed as a parameter for judging
whether various kinds of significant damage of gfa@ surface had any noticeable effect on
the ability of the flame gap to prevent flame trarssion. A significant reduction of MESG
compared with that obtained with a standard undachagrface (standard roughness of < 6.3
um) would mean that the particular type of damageeuntest had destroyed the gap
efficiency significantly. On the other hand a sfgrant increase of MESG compared with that
for the undamaged surface would mean the damag@Htadt significantly increased the gap
efficiency.

In the experiments performed in the present wodayxed 4.2 vol. % propane in air was

used as the test gas mixture in all the experimé@mie different apparatuses were used, viz. a
plane circular-flange apparatus (PCFA) and a plaatangular-slit apparatus (PRSA). For

both apparatuses the optimal distance betweengtiigon point and the gap entrance for

flame transmission was 14 mm. Consequently thisuwdé® was used in all the experiments.

The flame gap surfaces were damaged mechanicaltyilbgg grooves of various depths and
widths, either lengthwise or crosswise in relatiorthe flow direction of the gas through the



gap. In one test series the gap surface (steel)ewpssed to severe outdoor rusting before
being exposed to explosion experiments. In anotest series the steel surface was
sandblasted. In one single test series gap surtdddexiglas was used.

Three main series of experiments were conducted avfirst series using the plane circular-
flange apparatus (PCFA), a second series of siredperiments using the plane rectangular-
slit apparatus (PRSA), and finally a third seriesgg the PRSA only.

The overall conclusion from this investigation isat even very significant mechanical
damage of surfaces of flame gaps in flameproof ighps may not reduce the gap efficiency
at all. In fact, in some cases significant improeatof gap performance was observed. This
in particular applies to crosswise grooves (e.gsswise accidental scratches). It is expected
that these findings may urge a discussion of ptessewvision of national and international
standards for both design and maintenance of flemoépenclosures. A paper of the
highlights from this thesis will be submitted forepentation at the Eighth International
Symposium on Hazards, Prevention, and Mitigationlnofustrial Explosions at the Keio
University in Japan.
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1 Introduction

1.1 Background

A gas explosion constitutes a risk to all industrehere an explosive atmosphere can be
formed. An explosive atmosphere can be the reguhiving of flammable gases, vapours,
mists or dusts with air. Examples of industries rehexplosion hazards have to be taken into
special consideration include:

* Gas and oil industries, offshore and onshore, dinyitransportation of gas.

» Petrochemical, chemical, and metallurgical procedsstries.

* Mechanical processing.

» Industries which produces and handles explosiwgst@chnics, and propellants.
* Nuclear industries.

Understanding of the explosion phenomena are nagesst only to prevent loss of life, but
also to keep the production going. There are nuaseBxamples of companies that had to
declare bankruptcy due to damage on plant and tperquipment following explosions.

In Norway, there is a lot of activity related tooduction and handling of gas and oil. This is

an industry where the risks of explosions are hghd there have been several serious
accidents throughout history, where the Piper Alpbaident was one of the worst. Piper

Alpha was a North Sea oil production platform. QityJ, 1988 an explosion and resulting

fire completely destroyed the platform, killing 1p&rsons.

Studies of the mechanisms involved in gas explasioave provided the industries with
knowledge that enables them to reduce the riskich siccidents. Increased focus on training
of personnel and development of standards and lguedefor equipment has also had a great
effect in this direction. But despite all the measubeing taken to increase the safety, there is
always a risk of gas leakage and consecutive eiguiesn the industries that handles oil and
flammable gases, and serious accidents still happka latest large accident in the oil
industry happened on April 21, 2010 on Deepwaterizda, which was a semi-submersible
mobile offshore drilling platform, drilling in th&ulf of Mexico. The accident is still being
investigated, but it is believed that a blowounirthe well filled the platform with flammable
methane gas, which then was ignited. The platfoamk killing 11 persons, and there is a
large ongoing oil spill that can have serious emwinental consequences.

Figure 1-1 shows leak frequency of hydrocarbon gaseNorwegian oil and gas installations
from 1996 to 2009. The graph shows that there aee 10 leakages each year. Note that there
were over 40 leakages in 2000 and 2002.
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Figure 1-1Hydrocarbon leaks on Norwegian installations ab0vk Kg/s, in the period 1996
to 2009. From (Petroleum Safety Authority Norwa920

Due the continued danger of leaks, it is importemtcontinue the work to increase the

understanding of the mechanisms related to expisesiand to develop equipment that will

further reduce the risk of accidental gas explasiof a leakage occurs, it is of great

importance to have control over possible ignitionrses, e.g. electrical equipment. The use
of electrical equipment in potentially explosiveveanments demands special protection in
order to avoid accidental ignition of possible egive surrounding atmospheres. Equipment
which uses different methods and protection prilesips commercially available; the safety

requirements for the equipment are regulated bgrmational standards. There are different
requirements according to which hazard zone theewnt is to be used in.

One type of protection method used is flameproalcmures (Ex "d"). This design implies
that potential electrical ignition sources suchsagtches, relays etc. are kept in strong
enclosures that can withstand a possible gas eaplasside the enclosure, at the same time
as any holes or slits in the enclosure wall aregdesl in such a way that they will not
transmit a gas explosion inside the enclosure texg@iosive gas atmosphere outside it.

1.2 Motivation and aim of present research

The concept of flameproof enclosure (Ex "d") is arfethe oldest protection methods for
electrical apparatuses; the concept is describ&eation 2.2.2. Requirements for design and
maintenance for Ex "d" equipment are given in (I2Q07a), according to which joint
surfaces shall have an average surface roughnes8.8f/m.

Ex "d" equipment is widely used in the offshoreustty where the surrounding environment
is highly corrosive (due to the presence and pntibalfor contact with seawater); rust
formation in the flame gap surfaces is therefopgi@ntial damage that can occur on this type
of equipment. (IEC 2007b) requires that any damagied surface is restored to the original
quality described in (IEC 2007a). Damage on theadéigoints can also occur by poor handling
under inspection of Ex "d" equipment where groofresn tools used for dismounting and
mounting the enclosure can cause damage of theefgap. The standard does not provide
guidance as to what degree of damage is considereé significant enough to affect the
efficiency of the gap in a negative way and to make"d" equipment to be considered as
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defect. The only parameter is that the joint sw$ashall have an average surface roughness
of < 6.3um. As a result of this, even minor mechanical or@sive damage of flame gap

surfaces has often prompted expensive overhaulegradr of flameproof apparatuses.

The aim of the experimental research in the preaenk has been to study the influence of
significant damage of gap surfaces on the efficafcffame gaps in Ex "d" equipment. This
research is a continuation of the work done by @p2010), who built an experimental
apparatus that made it possible to inflict varidasnage of flame gap surfaces. Opsvik also
tested the effect of sandblasting of the surfaceréate a roughness well above the permitted
value of 6.3um. Furthermore, a rusted surface was tested tohgeeftect this had upon the
efficiency of the gap. Quite surprisingly, the mdtsurface showed a better ability to prevent
explosion transmission than an undamaged gap suigame of the experiments were done in
corporation with Grov, and these results are aigengin (Opsvik et.al 2010)

The experimental work described in this thesis ma®f a large amount of experiments; the
aim was to provide some answers to the followingstjons:

* How significant must the damage of a flame gapdferie it constitutes a danger for
reducing the efficiency of the flame gap in Ex &tjuipment?

* Is there a limiting value of width and depth of gves on gap surfaces before they
affect the MESG value and efficiency of the gapategly? If such a limit is found,
can it be used to distinguish between damage shatitical for the efficiency of a
flame gap in Ex "d" equipment, and damage thanat@ Should this be included in
the existing standards?

* Is there any difference in the influence on thentagap efficiency depending on the
different direction of a groove on the gap surface?

* How do gap surfaces with considerably rougher sedanfluence the efficiency of
the flame gap? Do the experimental results foundthis thesis support the
requirement in the standard for only allowing a maxn average surface roughness
of 6.3um?

* Could frequent inspections cause more harm thard geben considering the
possibility for damaging the equipment under ingipeg if the experimental results
show that the damage has to be of considerablyedefgefore it influences the
efficiency of the flame gap?

* How do flame gap with different materials with @ifént thermal properties influence
the efficiency of the flame gap?

Another objective was to further investigating gweprising results found by (Opsvik 2010)
that showed that a rusted surface had betteryabiliprevent explosion transmission than an
undamaged gap surface.

All the experimental results shall be thoroughlypleined, and hopefully the work with
testing different damages of flame gap surfaced widrease the understanding of the
mechanisms involved in gas explosion transmissang be used to further improve the
design of flameproof equipment.






2 Review of relevant literature
2.1 The gas explosion problem - A general overview

There are a number of different definitions to tiwen explosion. Some definitions emphasize
on the effect on the surroundings (sound, pressake and damage on surroundings), while
others describe the physical phenomenon that ocB@lnition from (Eckhoff 2005): An
explosion is an exothermal chemical process whittgn occurring at constant volume, gives
rise to a sudden and significant pressure’tise

The same mechanisms as in an ordinary fire wilatoplay in an explosion, and one can say
that an explosion is a rapid fire out of controheTFire Triangle (see figure 2-1) can also be
used to explain the main events leading to an ekpio it could also be extended to take into
account that there is a given air/oxygen to fuéibréexplosion limits) needed to initiate an
explosion. It exist an upper and lower explosianitifor all gases, above or below these
limits it is either too much fuel gas or insuffioteair/oxygen, and the mixture is not explosive
and can not be ignited. Different gases have diffeiignition temperatures, and ignition
energies needed to ignite the gas.

FUEL (FLAMNMABLE GAS,

VAPOUR, MIST OR DUST) OXYGEN (AIR)

IGNITION SOURCE

Figure 2-1The explosion triangle.

The definition above describes an explosion as»athermal process. This is a chemical
reaction that releases/produces energy in the fdrireat. For instance can the combustion
process of propane burning in oxygen be descrilyed b

C,H;+50, - 3CO,+ 4H,0+ Hea.
Gas explosions can occur inside process equipnrentteide the equipment as a result of a
leakage. The consequences from an explosion amrnideed according to where the

explosion occurs. From the definition above, thenkostion reaction in an explosion will
increase the pressure and if an explosion occugislenprocess equipment, the increased
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pressure can destroy the equipment (if the equipnsenot dimensioned for the resulting
explosion pressure).

2.1.1 Explosion protection

The efforts to minimize the risk of accidental eogbns in the industry are of high priority,
and much work and money are spent on preventingratigating accidental gas and vapour
cloud explosions.

Explosion protection can be divided into three §ashown in figure 2-2.

Preventing the
formation of an explosive
atmosphere

Figure 2-2Basic principle of explosion protection

In industries where an explosive atmosphere cacréegted, protection methods and systems
need to be designed to take into account all theetlsteps shown in figure 2-2. It is for
example not enough to only have systems that ptégemation of an explosive atmosphere.
This is because one can never be entirely sureathaxplosive atmosphere won't build up,
for example by failure in one of the protectionteyss. The experimental work presented in
the present thesis examines damage of Ex "d" egnpmvhich is a protection method for
electrical equipment, and hence a way to contral aeliminate possible ignition sources,
which is step two in figure 2-2. In the present kvtiiere is not given any information on
other types of explosion protection, because #hisat of relevance to the present work, for
more information about explosion protection it Genreferred to (Groh 2004).



2.2 Flameproof enclosures (Ex "d")

The concept of flameproof enclosure (Ex "d") is aiethe oldest protection methods for

electrical apparatuses; in this chapter the histdryhe development and the mechanisms
which influences on the way this protection metleatks is given. The requirements for

inspection, maintenance and repair from the stahaliag also discussed.

2.2.1 History of flameproof equipment

It was in the developing mining industry, during th7" century, that one first became aware
of explosive atmospheres. The discovery was pdatigupertinent in coal mines, where the
process of mining coal produce methane gas, anfhtt gassy coal could take as long as
1000 hours in a well ventilated location to becoowmmpletely free of methane" (Toney,
Griffith et al. 2000) The miners open flame candles used for lightirauldl occasionally
ignite the methane gas. When the methane gas wisdgthe pressure wave whirled up coal
dust, which then was ignited and produced a mooéent secondary explosion. For a long
time, the reason for the explosions remained a enydor the workers. This led to new
routines to eliminate the hazards for the workbts, it lead to new routines to eliminate the
hazards for the workers where a "volunteer" from mhine crew, wrapped in wet blankets,
crawled through the mine with a flaming torch. Whee workers understood the danger
involved in this they refused to do the job. Thb jwas then offered to prisoners, but soon
they also refused to risk their lives to secure itee. It was realized that research was
needed in order to be able to making mining saféhf® workers and thus continue expanding
mining activities.

In 1815, Sir Humphrey Davy invented the Davy laffipis lamp was a kerosene lantern with
fine gauze that separated the open flame from uh@wndings. The mesh of the fine gauze
emitted light but it was fine enough to not supptatme propagation (through the gauze).
This would later lead to the concept of Maximum &pmmental Safe Gap (MESG) (see
section 2.31).

When electrical equipment, like electrical motorsed to drive elevators, ventilators and

mining equipment, where introduced in the mines,dlectrical sparking in the motors would

lead to explosions. To increase safety, a motdrulas totally enclosed was developed (see
figure 2-3). This was the start of flameproof esclees for electrical equipment.

o

Figure 2-3 Anillustration of an early version of an enclosedattecal motor



During the 1940s and 1950s, the use of electricalruments grew rapidly, and as the
guantity of electrical instruments installed in@ed, so did the safety problem and the need
for standardized equipment and guidelines for ndeakzardous locations.

The first standard for electrical equipment in hdpas locations was published in 1935 by
the German Verband der Elektrotechnik (VDE), whishthe German association for
electrical, electronic and information technoloié3E 1935).

The requirements for Ex equipment are based upterniational standards from IEC
(International Electrotechnical Commission). In I95everal countries in Europe founded
the European Union (EU). This led to the developnwdriechnical standards, which all the
countries had to follow in order to be allowed #l $heir equipment within the EU. As a
result, the European Organization for ElectroteciiniStandardization (CENELEC) was
created, and standards for electrical equipmentuie in explosive atmospheres were
established. The international rules from IEC idHer adapted for the European marked by
CENELEC. In Norway, NEK (Norwegian electro techhicamity) administers the standards
from CENELEC and to a large extent uses the CENEkE®Ddards as Norwegian Electro
technical norms.

2.2.2 Flameproof enclosure (Ex "d") - A description of the concept

The concept of flameproof enclosure (Ex "d") is arfethe oldest protection methods for
electrical apparatuses. Detailed descriptions ésigh and maintenance of Ex "d" equipment
are given in (IEC 2007a), according to which josotrfaces shall have an average surface
roughness of < 6.8m. This design implies that potential electricaliigm sources such as
switches, relays etc. are kept in strong enclostin@scan withstand a possible gas explosion,
at the same time as any holes or slits in the enotowall are designed in such a way that
they will not transmit a gas explosion inside tmelesure to an explosive gas atmosphere
outside it. Requirements for the maximum surfagapierature for the enclosure are also
given; this temperature should not exceed the mimnmgnition temperature for the gas that
may be present and develop in and around the emelo$he test gas used in the present

experimental work is Propane, which has a minimgnition temperature of 47C .

It would be desirable to construct all flameprogfument to meet the most stringent
requirements with regard to ignition temperatupsgl@sive force and ignition capability of
the gases, but this would not be economical. Duthigy the apparatuses are divided into
explosion groups and temperature classes basdw@anvironment where the equipment is to
be used. Equipment with Ex "d" protection is apgvor Zone 1 and 2. Examples for the
application of equipment protection Ex "d":

* Motors.

» Switchgear.

* Transformers.

* Heating equipment.
» Light fittings etc.



Maximum gap
Mi_nimum mm
Type of joint ':::It:t‘ Ef For ac:ngllume Far ac::alume For ac:-:ilume For ac:ngllume
mm V<100 100 < V < 500 500 < V £ 2 000 V> 2000
[ | A | ne [ | A | 18 [ | 1A | 18 [ | 1A | e
B 0,30 0,30 020 - - - - - - - - -
Flanged. cylindrical 9,5 0,3 0,30 020|035 o030 020|008 008 008 - - -
or spigot joints 125 | 040 030 020040 0,30 020|040 030 020|040 020 0,15
25 0,50 040 020|050 040 020|050 040 020|050 040 020
B 0,30 030 020 - - - - - - - - -
9.5 0,3 0,30 020035 030 020 | - - - - - -
o bi':r?:{‘;s 125 | 040 0,35 025|040 0,30 0,20 | 040 030 020|040 020 -
?;’:'n"t'gr;;f' ' 25 050 040 030|050 040 0,25 | 050 040 025|050 040 0,20
shaft glands 40 0,60 0,50 040|060 050 0,30 060 050 030|060 050 025
of rotating
electrical 6 045 045 0,30 - - - - - - - - _
machines Roling. | &5 | 080 045 035|050 040 025 - - - | - - -
element | 125 | 060 050 040|060 045 0,30 |060 045 030|060 030 0,20
bearings | g 0,75 0,80 045|075 060 040|075 060 040|075 060 0,30
40 0,80 0,75 060|080 075 045|080 075 045|080 0,75 040
NOTE Constructional values rounded according to 150 31-0 should be taken when determining the maximum gap.

Figure 2-4 Minimum width of joint and maximum gap openingdnclosures of groups /7A
and//B. From (IEC 2007a)

Flameproof enclosures are, as mentioned aboveyeuassarily vapour-tight. In many cases,
it is desirable to have gaps and openings in #madproof enclosures to be able to inspect and
perform routine maintenance of the components éndite enclosure. In motors with
revolving shafts, there has to be a distance ferstiaft to be able to move. The openings in
Ex "d" equipment are referred to as flame gapdlameproof enclosures, gas or vapour can
enter the enclosures and be ignited, but the reguiiner explosion must not be able to ignite
the surrounding atmosphere. There are strictly néefirequirements for the maximum
allowed opening, and for the minimum width or ldngif these flame gaps, as shown in
figure 2-4. The allowed values are based on MESI@Bega(see Section 2.3.1) for the actual
gas, provided with a safety factor.

2.2.3 Basic mechanisms for flameproof enclosures (E ~ x "d")

When an explosion is initiated within the interealclosure, the flame front and the pressure
wave propagates towards the enclosure walls anchesathe gap opening. These gap
openings are < MESG (see Section 2.3.1), the ffaom gets "quenched" (see Section 2.3.1)
hence no flame is transmitted through the gap. Areesure wave "pushes” hot combustion
products through the gap opening and into the urdzlirexplosive external atmosphere
without igniting it (illustrated in figure 2-5).



Enclosure  Gap width

External atmosphere & K—
V. 2 Gap opening<MESG
Y
| d )
| / Jet of hot
\b@ | Internal | combustion
o / Explosion \'1 products
| \
' —
A\ S

Figure 2-5lllustration of flameproof enclosure with an internal explosionofr (Opsvik
2010)

There has been some discussion as to what meclstismhis of greatest importance for
preventing the explosion to be transmitted to tkier@al explosive atmosphere when the gap
is at MESG.

In Section 2.3 different literature on the subjleat been reviewe®ne aspect in which all
literature on the subject is concordant is that ghecess involves a complex interplay of
physical and chemical processes and that furtlseareh is needed to fully understand all the
mechanisms involved in this process. Some importethanisms involved are listed below:

» "Cooling" of the hot exhaust gases inside the flgae.
* The influence of mixing and entrainment of "coldibwrned gas, and the competition
with the rate of heat generation by combustiontreacon the ignition process in the

external surroundings.

* The internal explosion pressure and hence the wglo the hot combustion jet
through the flame gap and into the external sumimngs.

» Cooling from adiabatic expansion when the hot egshgas leaves the flame gap.

* The air-gas ratio inside and outside the gap.

* The degree of turbulence outside the flame gap.
To continue the research of the mechanisms invofeedpreventing explosions through
narrow gaps is important to be able to design safetection methods for electrical
equipment used in explosive atmospheres. Hopefodly, the results from the experimental

work in this thesis increase the understandinghefrhechanisms involved in gas explosion
transmission, and be used to further improve tisggdeof flameproof equipment.
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2.2.4 Damage and requirements for inspection, maint  enance and repair
of flameproof equipment (Ex "d") giveninthe IEC s  tandard

To guarantee a safe operation in hazardous areigssirict requirements for inspection,
maintenance and repair of Ex "d" equipment to emnsafe operation during the total lifetime
of this type of equipment, requirements for Ex &djuipment are given in (IEC 2007b) and
(IEC 2007c).

2.2.4.1 Maintenance and inspection

In (IEC 2007c) it is stated that Ex "d" equipmeadjuire initial inspection before it is brought
into service and it should be carried out regukniqalic inspections thereafter, or continuous
supervision by skilled personnel. When inspectiwat requires to dismounting covers of Ex
"d" equipment is to be carried out, the equipmesdchto be de-energized first. Most plants
require that a "hot permit" be obtained before wamkEx "d" equipment is permitted. During
inspection special care has to be taken so thepmemunt is not damaged. As described in
Section 2.2.3, the protection by flameproof endesdepends on quenching of flames by
flame gaps. Therefore special care has to be ta&ehat the flame gaps are not damaged.
Inspections should only be carried out by qualifigetsonnel. The enclosures should be
handled in clean conditions so that foreign malenall not be trapped between the flanges
in the flame gap.

Typical damage that can occur on Ex "d" equipmeining operation:

» Corrosion on the enclosure and in flame gaps,ie.gffshore industries seawater is
used for fire water and the environment is highdyrasive.

» High pressure hosing with water can cause wateessgin the enclosure, this can lead
to failure of the electrical components and stagmeater in the flame gap can give
rust formation in the flame gap.

» Drilling sludge consists of chemicals, acids anis ihygroscopic which means that it
will absorb water, these factors gives a highlyasive effect on equipment.

» Sand blasting can destroy equipment.
» Deformation of the enclosure as a result of “cmhs” with other types of equipment.
» Damage as a result of glowing particles from wejdutting and other hot work.

» Damage from poor handling during inspection, eogmftion of a groove or scratch
by a screwdriver.

2.2.4.2 When does a flame gap need repair?

Some doubt exists when dealing with repair of flagaps; this is because the standard does
not provide any guidance as to what degree of dansagonsidered to be significant enough
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to affect the efficiency of the gap in a negativayvand to make Ex "d" equipment to be
considered as defect and not safe anymore. Thepamhmeter is that of the joint surfaces
shall have an average surface roughness of wr.3From (IEC 2007b)"Damaged or

corroded flameproof joint faces should be machiradtdr consultation with the manufacturer
wherever possible, only if the resultant joint gapd flange dimensions are not affected in
such a way that they contravene the certificatioowments.'This means in general that all
damage of surfaces of flame gaps must be brougtht tbathe original state as the equipment
were when it was certified, which means that thdase must have an average surface
roughness of < 6.8m. As a result of this, even minor mechanical or@sive damage of
flame path surfaces has often prompted expensierhaul and repair of flame proof
apparatuses.

Hopefully will the experiments carried out in theegent work provide some more knowledge
to what degree of damage that is significant endadiave a negative effect on the efficiency
of the flame gaps in Ex "d" enclosures.

2.3 Basic theory of explosion transmission through narrow gaps of
relevance to the present work

This chapter is provided to explain some of thetnmaportant physical mechanisms involved
in explosion transmission, and to give the readsasac insight of expressions used further in
this thesis for discussion of the experimental ltssu

2.3.1 Quenching distance ( Qp)

In gaps and tubes, critical dimensions for flameppgation for different fuel compositions
exist. These have been experimentally tested eriassof different studies, e.g. by (Friedman
and Johnston 1950) who showed that different foiglit ratios had influence on the ability to
propagate a flame in narrow channels. This crititadension is called "quenching distance”

(Qp) and is defined a&he smallest tube diameter (or gap) through whataminar flame

can propagaté To successfully propagate a self-sustained fléinneugh a tube or gap, the
rate of heat production in the flame zone must eadbe rate of heat loss to the tube wall (see
Section 2.3.2).

2.3.2 Maximum Experimental Safe Gap (MESG)

An explosion in a vessel vented trough narrow gasbe transmitted through gap openings
bellow the quenching distance. The re-ignition m&$he gap is then not initiated by a flame,
but from a jet of hot combustion gases "pushed"tyuthe pressure rise (see Section 2.2.3,
figure 2-5). A maximum value which is the higheapgpening giving no re-ignition outside
the gap opening is eventually reached, this isedalhe Maximum Experimental Safe Gap
(MESG).

MESG is defined as‘The maximum gap between the two parts of the imtechamber

which, under specified test conditions, that présegnition of the external gas mixture
through a 25 mm long flame path when the internatume is ignited, for all concentrations
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of the tested gas or vapour in aiffom (IEC 2002) A standardized method for determining
the MESG value is developed and used to classifierdnt gases after their ignition

sensitivity and how reactive the gases are. A stahtest apparatus is shown in figure 2-6.
The aperture consists of a spherical primary chamilign volume 20 ml where the gas is
ignited. The primary chamber is connected to arsgaxy chamber with a 25 mm equatorial
flange gap. Adjusting the gap-opening in steps .62nm, the largest opening giving 10
following trials with no ignition of the externahg, is the MESG of the tested gas mixture.

The MESG value is the parameter used when desigmdduilding electrical apparatuses for
use in specific flammable atmospheres (e.g. Exegliipment). The maximum allowed gap
opening of Ex "d" equipment from figure 2-4, is édson MESG value for the actual gas,
provided with a safety factor, which than gives t@ximum allowed gap opening.

20-ml EXPLOSION VESSEL
QUTER CHAMBER
ADJUSTING SCREW
PRESSURE ADJUSTMENT
FILLING FILTER

FLANGE GAP

- o O 0 T o

d N
RSyl | e

Figure 2-6 MESG test apparatus. From (IEC 2002)

In the present experimental work, MESG was chosetha parameter for judging whether
significant damage of the gap surface had anyfsgni effect on the ability of the flame gap
to prevent explosion transmission. A significantiuetion of MESG compared with that
obtained with an undamaged (roughness w3 gap surface, would mean that the damage
under experiment had destroyed the efficacy of gap significantly. The guidelines for
MESG determination given in (IEC 2002) is followed accurately as possible, but as
described in Chapter 3the apparatuses used for determining MESG in thesent
experimental work is not the same as the appasito®n in figure 2-6. The reason for not
using an aperture like the one in figure 2-6, &t tihe MESG apparatus that were to be used
in this experimental work needed to have changedlbleges, to be able to perform
experiments with different gap surfaces with défg@rroughness and different damages.

2.3.3 Ignition by a jet of hot combustion products

As described in Section 2.2.3, flameproof equipm@x "d") ensure that the jet of hot
combustion products ejected through the flame gajirsto the external surroundings, do not
have an energy and temperature large enough tatéién ignition of the external gas
atmosphere. To ignite an explosive atmosphere,hébet generation by the combustion
reaction must exceed the heat loss to the surrogadiThe "cooling” of the hot jet of
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combustion products in Ex "d" equipment is a refudin "cooling" of the hot combustion
gases in the flame gap, and from entrainment anghgiwith "cold" unburned gas in the
external atmosphere outside the gap, this is desti$ection 2.3.4.

The thermal explosion theory by (Frank-Kameneck®3) can be used to describe the basic
mechanisms for ignition. This theory is based om ridftio between heat-production, due to
chemical reaction in an imaginary ignition volumé.{, being heated without expanding, to

the loss of heat to the surroundings by conductitns is described by the temperature-time
development from (Beyer 1996) by the equation:

dar _
E = QR_ QL (21)
Where (jR and (jL denote the rate of heat production by chemicalti@as and the rate of

heat loss by conduction. The rate of heat prodnoferfrom (Lewis.B. 1987) can be written
as:

d—QR:vC mE[EkEeXp(— 5 D (2.2)
dt RO

Where AE is the molar reaction enthalpy, k is a reacticie @nstant which quantifies the
speed of the reactionk, is the activation energy for the reaction, R ie teneral gas

constant. This equation is based on the exponetdiraperature dependence where the
reaction rate increases exponential, this is thraekius law.

The rate of heat Ios@.L from (Lewis.B. 1987) can be given as:
d.
d—?L =BMA(T-T,) (2.3)

Where A is the surface area of the volurfejs the heat transfer coefficient and T anchfe
the temperature in the ignition volume and in the gurroundings. The behaviour of the heat

production QR ) and the heat Iosﬂi ) with temperature is illustrated in figure 2-7.
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Figure 2-7 Heat production QR ) and heat IossQﬁL ) as a function of temperature. Based on
(Beyer 1996)

If the temperaturd <T,,Q; >Q, this lead to a temperature rise for the reactidrtha point

1 in figure 2-7,Q.R <Q.L and the mixture stabilizes @ and hence no ignition is initiated. To

get an ignition the temperature must be increasedh fan external source until the
temperature T, is exceeded. The temperature will rise furtheroagaished by the

combustion reaction itself, this will lead to amiigpn.

This is a basic model for describing ignition, bttdoes not take in account different
important aspects, for instance, the heat loskignmodel is only from conduction, the rate of
"cooling” by entrainment and mixing with the "coldlirrounding gas is not implemented in
this model. The temperature is also assumed tonbderon throughout the ignition volume;
this is not the case in real reactions. The ignitiolume is also thought to be circular and it
does not expand due to heating, in real reactioashape of the ignition volume can differ a
lot from this and it will expand when being heated.

Flammable gases are grouped according to ignitiemgy and temperature needed to ignite
the gas and these values differ somewhat in therdieur. The energy needed to ignite an
explosive gas-air mixture depends on several pasaBsie

» Air-gas ratio

* Type of gas

» Gas motion, turbulence

» Entrainment and mixing with unburned gas
* Initial pressure and temperature

2.3.4 Cooling of the jet of hot combustion products

As mentioned in Section 2.2.3, the "cooling" of tiw jet of combustion products in Ex "d"
equipment is a result from "cooling” of the hot dmmtion gases inside the narrow flame gap,
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and from entrainment and mixing with "cold" unbuingas in the external atmosphere
outside the gap. This chapter will describe thesegarameters.

2.3.4.1 Heat transfer to gap wall

When the jet of hot combustion products passeautfirahe narrow gap which has lower
temperature, a temperature gradient is establishedheat transfer from the hot gas to the
colder surface will occur. The faster the gas motles greater the heat transfer from
convection. If there is no motion in the bulk g heat transfer occurs only by conduction.
To precisely calculate heat transfer from a flowjeg of hot gas to a surface is almost
impossible, because of the change in velocity angperature throughout the jet. The basic
mechanisms for heat transfer from a hot fluid tolaer solid surface are described below.

The following theory is based on (Kanury 1975),y&ftale 1999) and (McCabe, Harriott et
al. 2005): consider a system where a fluid is floywvith a laminar free stream velocity, ,
across a rigid flat plate, the fluid temperaturénhigher than the surface temperature of the
plate (see figure 2-8). The heat transfer processrs close to the surface in a region called
the boundary layer and its structure determinesrtagnitude of the convective heat transfer
coefficient (h). Near the wall the fluid velocity is stationany(Q) = 0), the velocity increases
when moving away from the wall giving a velocityagrent described by = u(y). The fluid

reaches its bulk velocity=u_, a given distance away from the wall. This is exdlthe

hydrodynamic boundary layer. The fluid temperatisr@assumed to be equal to the surface
temperature of the solid at the surfade ( @)). When moving away from the surface the
temperature increases to its bulk temperature engiNstance from the wall, this temperature
gradient can be described By=T(y). This is called the thermal boundary layer. Figeh@

shows a laminar flownRe< 210(that develops into a turbulent floRe> 400C beyond a
transition regime.

)
8

Figure 2-8 The dashed line shows the hydrodynamic boundagyr,layd the solid line shows
the thermal boundary layer. From (Kanury 1975)
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Figure 2-9 A laminar flow developing into a turbulent flowgta that a laminar sub layer will
always exist close to the surface. From (Kanury5)97

As mentioned above the velocity in most real catesiges throughout the area which is of
interest, and as showed in figure 248 flow can be turbulent at one point in the stremd
laminar at another point. Due to this, it is difficto determine the heat transfer from a hot
fluid to a wall with absolute confidence. A way take this into account, is to divide the
different regions in the flow and find “local” Regids numbers, from (McCabe, Harriott et
al. 2005):

XU, 0
Re, = (2.4)
5T

x = travel length of fluid

u,, = fluid velocity

p =density of the fluid

U =dynamic viscosity of the flui

Finding the right convective heat transfer coeéiiti(h) for the case of interest is a problem,
becauseh is found experimentally. But in the literaturecoemmmended convective heat
transfer correlations for different cases are giwdowed in table 2-4 from (Kanury 1975).
The Nusselt number gives the ratio of convectivedioductive heat across the boundary layer
and is expressed by the equation from (McCabe,dtaet al. 2005):

Nu =% (2.5)
Where| is the characteristic dimension of the surface kn@ the thermal conductivity of
the fluid.

As shown in table 2-1, it is possible to find theneective heat transfer coefficient Y by

using the recommended convective heat transfeeledions, e.g. for a laminar flow, parallel
1 1

to a flat plate of length I, is given bju=0,66 Ré Pt where Pr is the Prandtl number. This
is a dimensionless number that characterizes tienesof convection in the boundary layer.
The Prandtl number is often found in property takd@d is form (McCabe, Harriott et al.
2005) defined as:
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%
Pr=— 2.6
” (2.6)

v = kinematic viscosit

a =thermal diffusivity

If the Prandtl number >> 1, the thermal boundagetdies well within the hydrodynamic
boundary layer. If the Prandtl number << 1, therrtted boundary layer is thicker than the
hydrodynamic boundary layer. The Prandtl numbednsost independent of temperature and
only dependent on the fluid and the fluid state.

Table 2-1Some recommended convective heat transfer cowak{Kanury 1975)

Nature of the flow and

configuration of the surface
Forced convection

Laminar flow, parallel to a flat plate 11
of length! (20< Re< 3110 0,66Re Pt
Turbulent flow, parallel to a flat
plate of length (Re> 310 '

Flow round a sphere of diameter | 101
(general equation) 2+0,6Ré P

4 1
0,037Ré Pt

As mentioned in the start of this chapter the heaisfer from a hot fluid to a surface with
lower temperature is a combined effect of heatsfienfrom conduction and convection. The
law of heat conduction often referred to as Folgiéaw, describe the amount of energy
flowing into or out of a body in a given time invai:

% = —kAﬂ (2.7)
dt dx

% Is the heat flow through an area (A), which is #éinea heat is being transferred through.

dT . .
™ Is the temperature gradient over a distadee
X

. . . W . .
k Is a thermal conductivity constant, with ur{tsa} , the constant k is available for many
m

materials as a function of T

Heat transfer in gases is due to the collisionghgymolecules in the gas, and the thermal
conductivity is low compared to solids becauseigasdilute media with small molecules.

The rate of heat transfer by convection is givemMiewton’s law of cooling:

w

} (2.8)
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WhereAT = (T, - T,), T, is the surface temperature of the solid, &pds bulk fluid

temperature away from the surface. This equatisarass that the fluid temperature equals
the surface temperature at the surface.

h = the individual convection heat transfer coeéfitifor each quic{ \ZNDJ .
m

2.3.4.2 The effect of turbulence upon heat transfer  to gap walls

Roughness of the surface in a pipe (or in a flaage \ghich is the subject of this thesis) can
cause fluctuation in the flow and initiate a tudmil flow. In (McCabe, Harriott et al. 2005) it
is stated that for equal Reynolds numbers, the traasfer coefficient in turbulent flow is
somewhat greater for a rough tube than a smootlandehat the effect of roughness on heat
transfer normally is omitted for practical purpas@oust, Sotton et al. 2007) published an
experimental study where he examined wall heatekssccording to pressure and gas
dynamics. The experimental results showed thavéhecity was the major contributor with
the largest influence on heat loss to the wathulence was found to have only second order
effects on heat losses, this supports the praofioenit the effect of turbulence when dealing
with heat loss to the gap wall.

2.3.4.3 Cooling from entrainment and mixing with "c old" unburned gas in the
external chamber

When the hot combustion gases are ejected thrduglilame gap (see figure 2-5, Section
2.2.3) they will be cooled adiabatically as theypa&xd outside the gap exit. From the
literature (Redeker 1981), showed that the extémhie cooling is not very large, and not a
main contributor for cooling the jet of hot combaostproducts from a flameproof enclosure.

The cooling from entrainment and mixing with thdoumed gases outside the enclosure is of
a much higher order. If the gap opening that cotsndee primary chamber to the external
surrounding is large, the velocity (u) through tie® will be low, and hence the mixing and
turbulence will be small when the gases meet thereal mixture. The ratio of cooling form
mixing and entrainment will be low and there istigrobability for a re-ignition of the
external mixture. When the gap opening is decckade velocity (u) of the gases through
the gap is increased (by the pressure rise "puskiregcombustion products through the gap).
The turbulence where the jet of hot combustion petgl meets the external mixture will be
large; an illustration of a plane turbulent jetrfrqTennekes 1994) is shown in figure 2-10.
The ratio of cooling of the hot combustion produgysentrainment and mixing with "cold"
unburned gas will be high. Near the gap the jetesowith a high velocity and expands so
rapidly that the time of contact between hot gag #we unburned "cold" gas is to short and
may be insufficient for igniting the external mir¢éu When the jet moves further away from
the gap exit the velocity and the rate of mixingl @mtrainment decreases. The jet can reach
conditions favourable for ignition of the extermaixture a given distance away from the gap
exit; this is why the ignition in experiments isseloved a given distance away from the gap
exit. The balance of heat generation and heatdessrmines whether the external mixture
will be ignited. When the jet has lost its origitgh velocity it may have been so deformed
and lost its energy and temperature, so the eetlamxture will never reach the temperature
necessary for ignition.
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Figure 2-10lllustration of a plane turbulent jet. The jet b@tes self-preserving some
distances after the two mixing layers near the wait have merged#rom (Tennekes 1994)

2.4 Literature review of previous work in relation to explosion
transmission through narrow gaps and flameproof pro tection

This chapter introduces relevant literature relateffameproof equipment and explosion
transmission through narrow gaps.

2.4.1 H. Phillips’ work on describing the mechanism s of MESG and
flameproof protection

Harry Phillips did extensive work trying to explaithe physical mechanisms involved in
MESG and flameproof protection.

The aim of Phillips’ work was to connect resultsnfr the early work of (Beyling 1906), to
(Wolfhard and Bruszak 1960)) with his own and tateuit with a set of equations describing

all aspects of the mechanisms involved in MESG f#awtheproof protection. Some of the
most important aspects of his work include:

» Describing the ignition process when a transienbiéhot inert gas is ejected through
a flange gap

» Describing heat transfer within the flange gap

» Describing the entrainment and mixing into the depiget
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» Describing the rate of combustion in the expelltdand the competition with cooling
from the entrainment and mixing with “cold” unbudhgas

* Influence of the internal explosion pressure arelgpeed of the hot gas through the
gap and into the secondary chamber

2.4.1.1 Outline of Phillips’ equations for describi ng the mechanisms of MESG
and flameproof protection

Phillips presented a model of the expelled hot(fijgure 2-11) (H.Phillips 1971). This was
based on observations from Schlieren photogra@tdrtlicated that a jet of hot gas emerged
from the gap, and if an ignition occurs this takksce in a spherical vortex at the head of the
jet, some distance away from the gap opening. Sesaswhether or not the jet would ignite
the gas in the secondary chamber, Phillips did realyais of the temperature of the vortex
head. He found that it was at the vortex headgh#ion was initiated. He noted that a drop in
the temperature at the vortex head due to rapichientent and mixing with the “cold”
unburned gas would lead to no-ignition, while aoréase in temperature to temperatures
above the ignition temperature for the gas wouddi o ignition. This means that the rate of
heat production from combustion must exceed the ekicooling by mixing with the jet for
external ignition to occur.

e —

_1__
/‘ Ignition in the vortex

NI

Entrainment |

N

Tf+ AT

Temperature drop (-AT)

Tf

Primary chamber Lﬁ J

Figure 2-11Model of the hot jet, with ignition in the vortexistance away from the gap
opening. From: (H.Phillips 1971)

A summary of the method outline for the ignition aeb and the procedure describing the
mechanisms to calculate the size of the safe gdpS@) from (H.Phillips 1971 23) is given
below. Phillips used analogue computers for soltiregequations shown here and to compare
them to experimental results.
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The first step is to calculate the maximum valugyofrom the properties of the fual is the
rate of combustion derived from an energy balacess an element in the vortex of the hot
jet, given as:

p=27, L m 2.9)

n dt m dt

m=mass of gas contained in the vor

.1 dm_z . . .
The functlon:—%:—t is the rate of entrainment into the jet.
m

The entrainment factor z has been experimentaltgrdened. Phillips usedz:% for a

constant velocity jet. Jets with velocities thatraase with time have higher values zof
Phillips assumed that turbulence in the vortexrit affect the volumetric heat release rate.
The heat release rate was assumed to be equakttintthe combustion zone of a laminar
flame front.

n is the combustion efficiency, given as:

T-T
=_—u 2.10
n T T (2.10)

T = jet temperature
T, =the maximum flame temperatt

T, =ambient temperature

If (T) drops rapidly to ambient temperature (e.g.cooling from entrainment and mixing of
the unburned gas) there will be no ignition anddeemo combustiorv{=0). This is illustrated

by the bottom line in figure 2-1Zhe next three lines are also failure to ignite ¢xéernal
mixture, but there will be combustion with a shduration time ¢,), followed by a rapid
drop of (T) ambient temperature again. Experimdrage shown this as a visible flash of
flame that does not lead to a total ignition of mhigture in the secondary chamber.

The three top lines represent ignition; first thisra drop in temperature, but when the rate of
combustion heating exceeds the rate of coolingriyagmment, the temperature rises to the
maximum flame temperature and ignition will be iatied.
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Figure 2-12Analog computer curve of vortex temperatugedenotes a non-dimensional
temperature (T —J / (Tt — T,) and b denotes starting time in seconds from a point ceur
until the vortex fills the orifice. From (H.Phitis 1972)

Phillips further derived the equation expressingt tthe rate of combustiory/() in the jet

depends on the proportion of entrained gas. Théehkius equation is used to describe the
overall rate of the reaction:

a
BPW f (. m . Y [
Y TR (1+aj(1 n+ AT) exp{ j (2.11)

B =reaction rate constant

P = pressure

W =mole weight of the actual gas

R = universal gas constant

a/f = air/fuel ratio, by weight

E = activation energy

AT =temperature difference in the gap (dim®nless
mO = Initial mass of gas leaving the flange gap

Phillips stated that if the activation energy (Bt available for the fuel, an approximation
for (E) can be taken from (Fenn 1953), in whiclsiequal to 16 times the flame temperature
at the lower limit of downwards flame propagation.
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2.4.1.2 Effect of pressure and velocity

In (H.Phillips 1987), it is stated that a critigabint for external ignition was found from
experiments. This critical point, giving the smatlgap opening for no re-ignition, was when
the explosion pressure was low so the velocityubhothe gap was also low. Because of this,
he based his equation on heat transfer calculatmmisminar flow. He derived a critical jet

Mach number, which he found to be a function offtred's burning velocity §,), the volume
of the explosion vesselV), and the open area of the flange gal together with the

acceleration due to gravity. This was called thepghfactor which is a dimensionless Mach
number:

_SUrLv
= R
This Mach number was found to be almost equivakentthe critical velocities from
experiments giving the lowest gap opening, andeddor calculating the MESG.

M (2.12)

Consider figure 2-13, which is a plot from calcidat of the safe gap vs. explosion pressure
(H.Phillips 1988). With side ignition (close to tlgap exit), hot gas is first ejected at a low
pressure. As pressure increases, the safe gapgdalsminimum. The minimum occurs at a
low explosion pressure. Due to low pressure thé tneasfer in the gap is large, relative to the
gas flow, and the jet temperature doesn’t get gefit cooling by entrainment and mixing by
the unburned gas. Further increase in pressure leaa rise in the safe gap. This is because
the rate of cooling by mixing and entrainment iases and exceeds the rate of heat
generation by combustion. At higher pressure, tHeSK falls back to its minimum at the
break point. This point can not be reached in then2 IEC apparatus (see figure 2-6, Section
2.3.2), nor in the apparatuses used in the expatahaork described in this thesis. This

because the explosion pressure development by iclwgtig ignition position is not sufficient
for reaching this point.

T T T

\ /\ Break point

Minimum safe gap
| with side ignition

&
o

&
=3
[l

Safe gap [mm]
&
E Y
]

&
¥
I

10 bar
| 1 1
0,5 1,0 1.5
log pressure, [log bar]

Figure 2-13The ‘s’ curve showing a minimum in safe gap atdhband a break point at 4,6
bar. From (H.Phillips 1988)

Phillips stated in (H.Phillips 1988) that the brep&int could not be found in the test
apparatuses used to find the MESG (e.g. the 2E®ldpparatus), but he expressed a concern
that that pressures could become high enough ige l&nclosures with many internal
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components, especially in more reactive fuels higdrogen. In such cases, external ignition
might be possible in small flange gaps, compareltie or smaller than those permitted in the
current standards.

In (H.Phillips 1971) he noted that the critical gape, giving no re-ignition, is related to the
starting time ¢,). This is the time that elapses during the grosftthe imaginary part of the

jet within the gap. The gap velocity (v), whichtie velocity of the gas leaving the gap, was
the other variable that was included to determivectitical gap size, giving:

5=g/3mzo v (2.13)

Wheref and care constants found experimentally. These constamtsused to take into

account the composition of entrainment in the voeted the jet, and the cone angel of the jet.
These are the values used by Phillips:
£ =0.166

c=0.2

Phillips stated that the main reason for differengcethe safe gaps in all experiments were
due to heat transfer from the gas to the flangeen@t(H.Phillips 1971). This heat |osAT ,

is included in equation (2.11%ince experimental data on heat transfer to thewgdls was
not available, Phillips used a numerical solution (blorris 1940) which gave a constant
Nusselt number of 7.6 for laminar flow. The useaofaminar flow was justified by the
assumption that external ignition was most likelytcur early in the explosion development,
when the explosion pressure is low - thus so is/éhecity of the gases out from the gap. The
equation for heat transfer from (H.Phillips 1971):

AT__ 760 (2.14)

T plC VD
C, =specific heat capacity of the gas at gfag exit
T =logarithmic mean temperature through tjz®
A =thermal conductivity of the gas at thapgexit
v = velocity of the gas at the gap exit
0 =the gap openmpdistance

To find the starting timet{) figure 2-14 can be used when the heat transfésusd from

equation (2.14) and the overall rate of the reactio is found from equation (2.11). Then
equation (2.13) can be used to calculate the MESG.
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Figure 2-14.Starting time t,, as a function of reaction ratg, and heat transferAT .
From (H.Phillips 1971)

Phillips found that the calculations gave good agrent with experiments. The calculated
data was compared to a range of experimental dav&ring the gases: hydrogen, acetylene,
carbon disulphide, ethylene, and methane, in vesdaime from about 20 ml to 8000 ml,
flange widths from 3 mm to 75 mm, initial temperat from 27 to 250C, and initial
pressures from 0.5 to 3 atmospheres.

2.4.1.3 Limitations to Phillips's calculations

Phillips only performed calculations that assuntet the flow in the gap was laminar. He did
no calculations on turbulent flow through the gapr the effect turbulence will have on the
limiting gap opening. Phillips assumed that turbgke in the vortex did not affect the
volumetric heat release rate. There is no paranmetkrded in the equations that is taking into
account the properties of the wall with respechéat transfer, e.g. effect of change in the
surface roughness. (Beyer 1996) pointed out thalig3htheory was somewhat insufficient
related to the exit temperature in the jet. Thmgerature was assumed to be a factor of 0.75
of the flame temperature and assumed no heat llos&ldition, Phillips did not account for
the inhomogeneous nature of the jet, and jet vislogas also omitted. The jet velocity is
coupled to the explosion pressure; hence variaiiottse explosion pressure lead to variations
in the jet velocity.
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2.4.2 Ballal and Lefebvre's work on examining the i
flow parameters on flowing combustible mixtures

nfluence of different

Theinfluence of flow parameters on minimum ignition energy and quenching distance
(Ballal and Lefebvre 1975)

Flame quenching in turbulent flowing gaseous mixtures (Ballal and Lefebvre 1977)

The experimental work described in these articbemmenes the influence of various flow
parameters as: pressure, velocity, fuel/air ratidgulence intensity and turbulence scale, on
guenching distance and the minimum ignition en@fgjowing combustible mixtures.

Ballal and Lefebvre found that the turbulence d@febe ignition process. Turbulence gives
rise to the burning velocity and propagation bynkiing and lacerating of the flame front,
thereby effectively increasing its surface area.rddwger, within the flame zone itself the
transport of radicals and other active speciesaacelerated. These effects should reduce the
guenching distance. However, at the same time plo@yted out that turbulence increases the
heat loss to the electrodes, and increases thengnofi fresh mixture surrounding the spark
kernel and loss of heat by diffusion to the surding unburned gas. This effect should
increase the quenching distance. They found tlealatiter effect is strongest and it was found
that both quenching distance and minimum ignitiorergy increases with an increase in
turbulence intensity, as shown in figure 2-15. @th@rameters that gave an increase in the
guenching distance were found to be:

* reduction in pressure
» departures from stoichiometric fuel/air ratio
* increase in gas velocity
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Figure 2-15Effect of turbulence intensity on quenching disémior different inert gases.

@=1. From: (Ballal and Lefebvre 1977)

In Ballal and Lefebvre's work the process of spgrition in a flowing combustible mixture
was described as follows: initial passage of thalspreates a cylindrical volume of hot gas
between the electrodes. If the heat generation Hemaal reaction at the kernel surface
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exceeds the rate of heat loss by turbulent diffusibe spark kernel will continue to expand
and a successful ignition is initiated. Howevethé rate of heat generation at the kernel
surface is less than the rate of heat loss, thpdeature within the kernel will continue to fall
until the reactions cease altogether. This conoiug in agreement with the ignition model
described in Section 2.3.3.

The work from Ballal and Lefebvre are focused oa ithfluences different flow parameters
will have upon the quenching distance, and minimgnition energy. It is believed that the
parameters that influences on the quenching distand minimum ignition energy, will have
similar influences upon the flow of hot combustiproducts and re-ignition in MESG
experiments and flameproof enclosures.

2.4.3 Classification of flammable gases and vapours by the flameproof
safe gap and the incendivity of electrical sparks. (Redeker 1981)

The aim of Redeker's work was to get a better wtdeding of how different parameters
influenced MESG and the safety of flame proof emept. Parameters studied in this report
include:

e deviation in MESG values obtained from two diffdrempparatuses used for
determining the MESG value

* influence of the inner volume of enclosure

» influence of the location of the ignition source

» influence of the gap length

» influence of the shape of the gap edge

» influence of change in the air to fuel ratio mixdur

* influence of change in the initial pressure

* initial temperature of the mixture

» relationship between flame propagating capabilig encendivity of electrical sparks

All of the experimental results are not referredehdut the results that are found to be most
relevant for the present thesis is discussed below.

2.4.3.1 Influence of the inner volume of the enclos  ure

Redeker used two different apparatuses in the arpatal work. Both had a spherical inner
volume. The first apparatus could vary the innelun® from 1-8 litres, and the second
apparatus could vary the inner volume from 0.5-86.cThe effect from change in inner

volume upon the safe gap distance, both with sedaater volume (no pressure relive), and
with pressure relive of the outer volume was exa&thin

From the experiments with closed outer volume, tnend that if the inner volume was
increased, the safe gap distance decreased fomealp to 20 ml. For inner volumes above
20 ml, the safe gap distance was near constarttheatinner volume was increased to above
1 litres.
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From experiments with a pressure-reliving flexiblger enclosure, he found that there were
no effect on the safe gap distance for inner vokifram 20 ml up to 8 litres (see figure 2-16)

Both of the experimental apparatuses used in tesept work consist of a primary chamber
with volume= 1 litre, with an external chamber with pressutee
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Figure 2-16Safe gap & for the most incendive mixtures as a functiorhefinner volume of
the PTB test apparatus. In the test apparatus laitlper volume (> 1 litre) the inner volume
was surrounded by a pressure relieving flexibleeoenclosure. From (Redeker 1981)).

2.4.3.2 Influence of the location of the ignitions  ource

The development of the explosion in the inner chemdnd the resulting gas flow in, and
behind the gap at the moment of flame propagatomfluenced by the location of the
ignition source in dependence upon the size ofrther volume. Redeker found that for large
inner volumes >20cfthe influence of the position of the ignition soeilocation were much
bigger than with a small inner volume (see figwEr2and 2-18).
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Figure 2-17 Safe gap &n for the most incendive gas/air and vapour air mmigtas a function
of location of ignition source, determined in testtapparatus of 20 ¢hand a gap length of

25 mm. From (Redeker 1981)
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Figure 2-18 Safe gapn for the most incendive ethylene/air mixture aarection of the
location of the ignition source, determined in sttepparatus with an inner volum of 1 litre
and a gap length of 25 mm. From (Redeker 1981)

Redeker described the effect from changing theigmnlocation in the gap plane from the gap
edge towards the middle in the 1-I inner volumetles effect of going from laminar to

turbulent flow through the gap.

The effect of changing the ignition position iscaéxamined in the present work.

2.4.3.3 Influence of the gap length

Redeker did experiments with different gap lengthshe 20 cm apparatus and found that
when the gap length was decreased, so was thgaaf@pening, but it did never decreased to
zero. When the gap was increased the safe gamcistacreased up to a length of around
25mm, further increase in gap length had smalluerite on the safe gap distance (see figure
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2-19). This is the standard gap length used foerdehing MESG values from the IEC test
method. This is also the gap length used in thegmteexperimental work.
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Figure 2-19Safe gap g, for the most incendive gas/air and vapour air mmigtas a function
of location of gap length |, determined in the &sparatus of 20 chnFrom (Redeker 1981)

2.4.3.4 Influence of change in the initial pressure

Redeker's experiments showed that a higher ingiaksure of the mixture resulted in a
reduction of the safe gap distance (see figure)2-20
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Figure 2-20Safe gap &n as a function of the pressure p for the most idoangas/air and

vapour air mixture prior to ignition, determined fhe 20 cm3 standard safe gap test
apparatus. From (Redeker 1981)
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2.4.4 Transmission of an explosion through an orifi ce (Thibault, Liu et al.
1982)

This paper investigates the quenching of flameshay propagate from one chamber to
another through an orifice; the main parameter éxathbeing the influence of the resulting

explosion pressure in the primary vessel and hdwgher initial pressure in the secondary
vessel influences the quenching diameter. Theyedtdhat the latter effect for flame

guenching for very low flame velocities (and readdy deep orifices), the quenching

phenomenon is essentially determined by the ratss of heat and free radicals to the
orifice wall, the quenching occurs at orifice diders, smaller than the so-called quenching
diameter. But transmission of explosion can alseuodor diameters smaller than the

guenching diameter, this is accomplished by inéngathe flow velocity, so as to decrease
the time of the gas near the tube wall. They atsiatpd out the fact that higher gas velocity
also results in a higher rate of cold gas entramtmieto the hot combustion products

downstream of the tube, this leads to a minimunuevdbr quenching which is the MESG

value (described in Section 2.3.2).

Experiments were performed that showed that thdtieg explosion pressure in the primary
vessel gave values for what they called quenchuegpsessures, which would choke the flow
at the orifice. When the explosion pressure waseased (by change in the ignition position)
the quenching diameter also increased. At the Vviaiughe so-called quenching overpressure
no ignition in the secondary connected vessel wasiple.

Experiments where the overpressure in the secondemsel was varied were also performed
and these showed that the quenching diameter sedleavhen the overpressure was increased
up to a value where the quenching diameter stddatbcrease again. This is in agreement
with the Phillips theory figure 2-13. The experintgefrom this work showed that re-ignition
outside a narrow opening is pressure dependent.

2.4.5 A Study of Critical Dimensions of Holes for T ransmission of Gas
Explosions and development & Testing of a Schlieren System for
studying Jets of Hot Combustion Products (Larsen 19 98)

Larsen studied explosion transmission from a Z lgylindrical primary chamber through
holes with different diameters, to an external chemHe did experiments with different air-
propane ratios.

He found that there exists a limiting hole-diamdtertransmission of explosion in the same
way as for gap openings (MESG). He called thisMaimum Experimental Safe Diameter
(MESD). He also did experiments on the effect carage in the ignition position in the
primary chamber and found that the most "dangeraystion position (giving the lowest
MESD), (see figure 2-21), was closely coupled ®\blume of the primary chamber. This he
explained to be an effect of the different pressise for different volumes. He explained that
when the ignition position was moved away fromdhe opening and further into the primary
chamber, the pressure rise (see figure 2-22) iseréfze flow velocity through the hole. The
cooling of the combustion products inside the Hmdéore the combustion products is ejected
to the external chamber is decreased. This is Isecdne increase in gas velocity through the
hole decreases the resident time of the gas infidehole. This promotes the flame
transmission up to the most "dangerous"” positionth& internal ignition position, and
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decreases the MESD. When the ignition position eved further into the primary chamber,
the gas velocity in the hole reaches a level wiieeecooling from entrainment and mixing
with unburned gas outside the hole exceeds thedgezaration from the reaction and there is
no ignition, and the MESD value increases (showfigure 2-21).
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Figure 2-21Safe diameter Dand Dy for various ignition-distances; XPrimary volume V =
1| and 4.2 vol. % propane-air. From (Larsen 1998)
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Figure 2-22Explosion pressure as a function of time for vasiggnition distances. Hole
diameter D = 2.0 mm, primary volume V = 21 ml an® ol. % propane-air concentrations.
Xi =1.0 mm is in the gap opening and the ignitiompe moved further into the primary
chamber giving higher explosion pressures. Fronrgea 1998).

Larsen used existing literature to try to descthoe different velocities through and from the
cylindrical opening obtained from different explmsipressures. The flow of unburned gas
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and later combustion products is compressible. keed that for compressible fluids
simplifications have to be done because the variatin both density and temperature are
significant throughout the flow. From (Fox and Maiadd 1994) it is said that compressible
flow through a hole with constant cross-sectionncarexceed the velocity of sound for the
specific fluid. The flow regime can than be subisarr sonic. The flow through an orifice
becomes sonic when the pressure in the primary lobameaches a value known as the
critical pressure. Larsen calculated this presbyrine following equation:

P

crit

v
=R (1+ VT_ljy‘l (2.15)

Where P, is the initial pressure ang is the specific heat ratio for the gas.

Larsen pointed out the fact that the specific hedio decreases when the temperature
increases. From (Cengel and Boles 2007) it is gwitifor common ideal gasses at 300K the
specific heat ratio varies from 1.044 to 1.677,ckhtihen gives a critical pressure range from
about 1.676 bar to 2.059 bar. Further pressuredoseot increase the flow speed in the fluid
if the temperature is constant, and the flow spsealmost constant above critical pressure.
This is shown by the temperature dependence equatithe speed of sound in an ideal gas
from (McCabe, Harriott et al. 2005):

a= ,/%a (2.16)

M= molecular weight of gas [g/mol]

y = specific heat of gas [J/K]

R= molar gas constant, 8.314 [Kg[mol]
T= Temperature of gas [K]

2.4.6 Experimental determination of holes and slits in flameproof
enclosures, for preventing transmission to external explosive gas
clouds. (Einarsen 2001)

Einarsen continued the work done by (Larsen 1988y further investigated the MESD
phenomenon. He used a slightly modified versiothef apparatus used by Larsen; the test
gas was 4.2 vol. % Propane. He performed expersneitih different length of the cylindrical
holes shown in figure 2-23, and he examined thecef threaded holes upon the obtained

MESD value.
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Figure 2-23Various length of nozzles tested. From left; @00, 50 mm, 25 mm, 12.5 mm all
smooth nozzles, outermost right is threaded nazztesn (Einarsen 2001).

Larsen found that the MESD value increased withieiase in the length of the cylindrical
holes. The experiments on threaded nozzles didimetany noticeable effect on MESD.

Einarsen started investigating the effect of dan@gaane flame gap surfaces, he tested the
effect of different lengthwise grooves with diffatewidth and depth. Unfortunately it was
discovered that the adjustment of the gap openimd&narsen’s work were inaccurate. He
used distance pieces that were made with equipmigmtiow accuracy, therefore the actual
value of the distance pieces varied a lot. Whengtqe opening was to be fastened, the gap
was only tightened in the upper part of the gajpl tere is no information on the value of
torque used when assembling the gap. This ledyapapening that was not uniform over the
whole gap opening, the opening was smaller in gpeupart were screws were used to fasten
the gap, and the gap opening was larger in the¢ efathe gap opening. In Einarsen's
experiments with damage on the flame gap, he ugsednith gap width of 12.5 mm (shown
in figure 2-24).

Figure 2-24The exchangeable parts in the slit for test wamedges. The damages are in an
extent that makes it easy to observe visually Wibt# of the slits depicted is 12.5 mm. From
(Einarsen 2001)

Due to the inaccuracy and insufficient descriptiohkis experimental procedures, Einarsen’s
work cannot be used to provide quantitative conchss Even so, his results indicated that
the damage in form of lengthwise grooves had ttalge to affect the efficiency of the flame
gap. This was the foundation and gave the motigatbiocontinue the work of investigating
the effect and influence of damage of flame gagases, which is studied in the present
thesis.
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2.4.7 Investigation of ignition by hot gas jets (Sa  danandan, et. al)

Detailed investigation of ignition by hot gas jets. (Sadanandan, Markus et al. 2007)

Observation of the transmission of gas explosions through narrow gaps using time-resolved
laser/Schlieren techniques. (Sadanandan, Markus et al. 2009)

This is an investigation of ignition by a hot exkagas jet, ejected into a quiescent unburned
hydrogen/air mixture, through a nozzle. They stddiee phenomenon both with experimental
and numerical investigations.

The experimental setup is shown in figure 2-B5consists of two vessels connected by a
nozzle. The first vessel has a volume of 12 liaed a movable electrical spark;¥hat can
ignite the gas mixture. The secondary vessel haduame of 0.226 litres and is connected to
the first vessel by a nozzle; the opening distavfcthis nozzle can be varied. The test gas
used is 28 vol. % hydrogen air/mixture which i¢efil in both the vessels before igniting the
mixture.
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Figure 2-25Schematic drawing of the Explosion Vessel. FromdéBandan, Markus et al.
2009)

The hot jet is ejected from the first vessel thitotige nozzle and into the secondary vessel.

To gain information of the ignition process and geperimental observation in the second
vessel they used combined Schlieren and high dasedinduced fluorescence (LIF) images
of the hydroxyl-radical (OH). OH is used to identiivhere the reaction zone is, due to its
nature as an intermediate species formed duringdimdustion process

Experiments were performed with different pressiagos over the nozzle, and different

nozzle diameters, to study the influence of diffiériet velocities on the gas expansion and
ignition processes.
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In figure 2-26, the simultaneous Schlieren and QH+Amages obtained from experiment
with ignition distance X= 32 mm, and diameter of nozzle d= 0.8 mm is shoMvae. structure
visible from the Schlieren images is not associat&l ignition and combustion, but simply
with the mixing of the hot jet with the unburnedxioire. From the OH-PLIF images, it can be
seen that some OH radicals are visible, but theradesof a significant amount of OH radicals
at the nozzle exit indicates quenching caused blirgpin the nozzle before the gas is ejected
into the second vessel. In this experiment no igmiin the second vessel was initiated. This
indicates that the weak OH radical formation fromemical reaction is not large enough and
is going much to slow compared to the rate of emply entrainment and mixing with the
unburned gases, therefore no ignition occurs.

I
l‘,.--"

e

Figure 2-261gnition distance ¥x=32mm, diameter of nozzle d=0.8mm. A) Show the
sequential laser Schlieren images from the expearint) Show the simultaneous time-
resolved OH-PLIF images from the experiment. Fr@adanandan, Markus et al. 2009)

In figure 2-27, the simultaneous Schlieren and QHAmages obtained from experiment
with ignition distance X=56 mm and diameter of nozzle d=1.1 mm is showms&hmages
show a successful ignition of the hydrogen gashi& $econd vessel. The region where
ignition and subsequent combustion occurs can derlgl recognized by the sudden increase
in OH radicals at t=3492s. The chemical rate of combustion exceeds theafateoling by
entrainment and mixing with the unburned gas, gndion is initiated. It can be seen that the
first ignition occurs well within the zone reachaglthe jet, rather than at the jet border.
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t =3450ps

Figure 2-27Ignition distance ¥x=56mm, diameter of nozzle d=1.1mm. A) Show the
sequential laser Schlieren images from experin@ng§how the simultaneous time-resolved
OH-PLIF images from experiment. From (Sadanandaarkius et al. 2009)

They pointed out that the ignition occurs at aatise of 29 mm from the nozzle exit,
indicating that near the gap exit, the velocity &edce the mixing and cooling is at a higher
order than the heat generation from the chemicahbstion reaction. With increasing
distance from the nozzle exit, velocity and mixdegrreases and finally the chemical reaction
rate exceeds the mixing rate leading to the igmigbthe system.

In this experimental work they have successfullyualized the processes of ignition or no
ignition by a hot jet of combustion products, shogvthe competition of the rate of cooling by
mixing with unburned gas, and rate of heat produchy chemical reaction. They have also
verified results from other literature where it waated that the pressure and velocity through
the gap and into the second vessel is of greatritapce when it comes to re-ignition in the
secondary vessel. They found that when the noz@Aenater is reduced, the velocity
increases, increasing the rate of mixing and emrant with cold unburned gas into the hot
jet of combustion products. At the same time theetihe gas is inside the nozzle and hence
the time to get cooled down by the nozzle decredmésit is believed that this is more than
compensated by the increase in mixing outside tlzzla. They found that when the pressure
was increased by changing the ignition positior, tlozzle diameter needed for 100% re-
ignition increased. This gives further evidencet ttiee mixing rate is increased when the
velocity in and out from the nozzle is increased.
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2.4.8 Experimental investigation of the influence o f mechanical and
corrosion damage of gap surfaces on the efficiency of flame gaps
in flameproof apparatus (Opsvik 2010)

The experimental research in the present workagrdinuation of the work done by (Opsvik
2010). Opsvik designed and built an experimentphegtus which made it possible to inflict
various damages of flame gap surfaces. This expetah apparatus is used in the work in
this present thesis, and the experimental setdpssribed in chapter 3.4.

Opsvik, together with Grov (Opsvik et.al 2010),t¢esthe effect of sandblasting of the flame
gap surface, to create a roughness well abovedhmitied value of 6.&m. Furthermore, a
rusted surface was tested to see the effect tldsupan the efficiency of the gap. Quite
surprisingly, the rusted surface showed a bett#ityato prevent explosion transmission than
an undamaged gap surface. The sandblasted gagesgéae only slightly lower MESG
values compared to an undamaged gap surface. Nesvieents with sandblasted and rusted
gap surfaces is performed in the present theseather apparatus (described in chapter 3.5),
and the results found by (Opsvik 2010) is compavétl the new results, and discussed in
chapter 4.
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3 Experimental apparatuses and procedures
3.1 Overall experimental approach

Two different apparatuses were used in the expatsna the present work for determining

MESG (detailed descriptions of the apparatusegy@en in section 3.4 and 3.5). The Plane
Circular Flange Apparatus, (referred to as PCFAhRirin this thesis), is identical with the

apparatus designed and used by (Opsvik 2010) igee 3-5, section 3.5 for a cross section
of the apparatus). This apparatus is designedlfibthe standard MESG test requirements of
the IEC standards as regards to overall geomediry wgdths etc. Some of the experiments in
the PCFA are performed by Opsvik and some in cajer with Grov, and the results are

also discussed in (Opsvik 2010) and (Opsvik eDal02.

Performing experiments in the PCFA turned out t@bke time consuming, it was therefore
decided to construct and do experiments with a leingne-dimensional apparatus called the
Plane Rectangular Slit Apparatus (referred to aSARurther in this thesis) (see figure 3.16,
section 3.5 for a cross section of the apparaiusg apparatus is smaller than the PCFA and
the experiments are far less time consuming. Thimainly because gas filling went faster
due to the smaller secondary chamber of only &diis opposed to the 13 litres in the PCFA.
The original idea was to carry out only some pralamy experiments in the PRSA with
various kinds of damage of the gap surfaces. Thteiexperiments gave interesting results,
similar gap surfaces were to be tested in the rtiore-consuming PCFA. However it turned
out that the experiments in the two different appases with similar gap surface structures
gave very good correlations, despite the largeedfices in the two apparatuses (this is
discussed in Chapter 4). Due to this not all ofghp surface configurations are tested in both
of the apparatuses. In both apparatuses the sgditshangeable; this is because experiments on
many different gap surface configurations with eliént damage should be performed. The
PCFA was also slightly modified of reasons desctibe section 3.4.6. Experiments
performed in the slightly modified PCFA are referro as tests in the Modified Plane
Circular Flange Apparatus (MPCFA) further in thggis.

In the present work the test gas was 4.2 vol. %aume in air throughout. MESG (see section
2.3.1) was chosen as the parameter for judginghehetamage of the gap surface had any
significant effect on the ability of the flame gapprevent flame transmission. A significant
reduction of MESG compared with that obtained witldiamaged (roughness < @u®) gap
surfaces (see Sections 3.4.4.1 and 3.5.4.2), woakh that the damage under experiment had
destroyed the efficacy of the gap significantly.

The experimental procedures for the two apparatarsesnclosed in Appendix A.

3.2 Different flame gap surfaces examined in experi  ments in the
present work

In the experimental work performed in the preseontkywflame gap surfaces with different
roughness and damage are examined; this includeiemgnts of gaps with different grooves
and direction of the grooves on the gap surfacp, sgafaces with different fabrication and
hence different roughness, rusted gap surfacesgapdsurfaces with materials other than
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steel. The aim of the experimental work is to exsmihow different damage and
configurations of the flame gap surfaces will affdftre Maximum Experimental Safe Gap
(MESG), and to investigate the degree of damad@naefgap in Ex "d" equipment can suffer
before it doesn’t function satisfactorily anymore.

In table 3-1 and 3-2, all the different gap confagions, which apparatus they have been
tested in and the name they have been given élligt more detailed description of each slit
is given in this chapteiThis chapter is also provided to clarify the tersed for distinguish
between direction of grooves on the gap surfacdschwin this work is referred to as
crosswise or lengthwise grooves (see Section 3I1&). undamaged, sandblasted and rusted
gap surfaces tested in the PCFA are the experinpemtsrmed by and reported by Opsvik in
(Opsvik 2010), some of the experiments are dorm®iporation with the author of the present
work, and results are also presented in (Opsvik 2010).

Table 3-10verview of experiments with different gap surfag@sfigurations investigated in
the present work

Gap surface

Apparatus Explanation

configuration

Undamaged Gap surface with roughness <6.3 um
PCFA Sandblasted circular Sandblasted gap surface
PCFA Rusted circular Rusted gap surface
PCFA Plexiglas circular Flange made of Plexiglas
8 crosswise grooves with width 2mm and depth
PCFA CH-8.2.3 3mm
MPCFA Undamaged Gap surface with roughness <6.3 um
20 lengthwise grooves with width 1mm and depth
MPCFA CVv-20.1.4 4mm
PRSA Undamaged Gap surface with roughness <6.3 um
PRSA Sandblasted Sandblasted gap surface
PRSA 7 crosswise grooves with width 2mm and depth
PH-7.2.3 3mm
PRSA 10 lengthwise grooves with width 1mm and dept}
PV-10.1.4 4mm
PRSA Plexiglas plane Slit Slit made of Plexiglas
PRSA Rusted rectangular slit1  Rusted gap surface
PRSA Rusted rectangular slit2  Rusted gap surface
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Table 3-2 Overview of experiments of gap surfaces with sitggthwise grooves through
the direction of flow with different depth and viiddf grooves, tested in the PRSA in the
present work

Depth of Width of

Apparatus Name
groove groove

PRSA 1.4 4 1
PRSA 2.01 0.1 2
PRSA 2.02 0.2 2
PRSA 2.05 0.5 2
PRSA 2.1 1 2
PRSA 3.01 0.1 3
PRSA 3.02 0.2 3
PRSA 3.05 0.5 3
PRSA 3.1 1 3
PRSA 4.01 0.1 4
PRSA 4.05 0.5 4

3.3 Crosswise or lengthwise grooves

For gap surfaces with grooves it is distinguishetiMeen grooves that goes in the same
direction as the flow/reaction through the flamg,gand grooves that goes in the opposite
direction in relation to the direction of flow.

Figure 3-1 shows a gap with one groove in the P@neular Flange Apparatus, and figure 3-
2 showsa gap with one groove in the Plane Rectangular Sppakatus. These grooves
perforate the whole slit width in the same directas the hot combustion products are being
"pushed" out from the primary chamber through theé gap and into the external chamber.
These grooves are referred to as lengthwise graowéss thesis.
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Groove

Direction of flow

Flame front at
time (t)

Ignition point

Figure 3-1A sketch of a gap surface with a lengthwise granybke plane circular flange
apparatus, the groove perforates through the wikbtevidth making a "channel" from the
primary chamber to the external chamber. The ignigpoint in this sketch is in the centre of
the primary chamber, in the experiments the igniposition was 14 mm from the gap
entrance

External
chamber

Groove

|—/ Flame gap surface

|  Direction of
flow

| Flame front at
time (t)

| Ignition point

Internal
chamber

Figure 3-2 A cross section of the cylindrical primary chambeith a gap surface with a
lengthwise groove in the plane rectangular slit aggius, the groove perforates through the
whole slit length making a "channel” from the prmmahamber to the external chamber. The
ignition position in this sketch is in the centfetlee primary chamber, in the experiments the
ignition position was 14 mm from the gap entrance
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The other direction of grooves, are grooves that'tdperforate the slit, and goes in the
opposite direction in relation to the flow/reactionthe flame gap. These grooves are referred
to as crosswise grooves in this thesis. This isstthted in figure 3-3 and 3-4. Figure 3-3
shows the primary chamber of the Plane Rectan@libApparatus, with the slit mounted on
the top, the gap surface has multiple crosswisevg® Figure 3-4hows a gap surface with
one crosswise groove in the Plane Circular Flanggafatus.

Grooves
o Gap surface
Direction of flow
Flame front at XX [%%%%%" 0 0«
time (}y  ———
Ignition Point
\\—

Figure 3-3 A cross section of the cylindrical primary chambeisth a gap surface with

multiple crosswise grooves in the Plane Rectang8larApparatus. The ignition position in
this sketch is in the centre of the primary chamloeithe experiments the ignition position
was 14 mm from the gap entrance

Groove

Direction of flow

Flame front at
time (t)

Ignition point

Figure 3-4 A sketch of a slit with a single crosswise groavthe Plane Circular Flange
Apparatus. The ignition position in this sketcimishe centre of the primary chamber, in the
experiments the ignition position was 14 mm froengap entrance
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3.4 The Plane Circular Flange Apparatus (PCFA)

The Plane Circular Flange Apparatus (PCFA), wassttaonted and used by Opsvik in
experiments in the work with (Opsvik 2010), Opswid some of the experiments in
cooperation with Grov, and the experimental resalésalso presented in (Opsvik et.al 2010).
A cross section of the apparatus is given in figgd®. In the present work additional gap
surfaces were prepared and tested. The apparate®nstructed to comply with the
requirements in the IEC standard. It was also dblrto make the apparatus as realistic as
possible in relation to commercial Ex "d" equipmeiihe apparatus was built with
exchangeable flanges, to permit investigation efittiluence various kinds of damage of the
flame gap surfaces would give. Complete constraafi@wings of the PCFA can be found in
(Opsvik 2010)

Primary
chamber

Plastic membrane

Gas outlet, to

Gas outlet, to
gas analyzer

ventilating closet '

i Secondary
By-pass . chamber

Gas inlet, from
gas analyzer

Figure 3-5Cross section of the Plane Circular Flange Appasaised for determining
MESG for propane/air. From (Opsvik 2010)

In (Opsvik 2010) the flange width of the differdl@nge configurations are said to be 1 inch
or 25 mm, this is a length used for research aneraénation of the maximum experimental
safe gap (MESG) in several experimental studies(Bl.g?hillips 1987) and this is from (IEC
2007a) given as the minimum allowed width when\bkime of the enclosure is between
500< V < 2000 (see Figure 2-4 in Section 2.2.2) eWkhe length of the flange was control
measured it was found to be 27 and not 25 mm astheaseported length, but this minor
difference has no significant influence on the ltssu

3.4.1 Specifications of the Plane Circular Flange A pparatus (PCFA)

The apparatus consists of two cylindrical chambersprimary chamber with volume,
V,=1150cnT, where a spark can ignite the explosive gas mexttive spark ignition system is
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described in Appendix Band an external chamber with volumé,=13000cnT, both of the

chambers are made of stainless steel. A 4.2 varépane/air mixture is flushed through the
apparatus (see Section 3.6) a cross section @fpbaratus is shown in figure 3-5.

The primary chamber is connected by a flame gap shiangeable flanges with width of 27

mm to the external chamber. The flame gap openesyadjusted by placing distance "shims"
between the interchangeable flanges. The distastuens” are of standard industrial quality

used in industry to set distances in motors, ttstadce "shims" used, made it possible to
adjust the gap in steps of 0.01 mm. To get a umfopening over the whole gap opening 4
distance "shims" were placed before assemblingflémges and tightening of bolts with a

torque of 10 Nm, placing of the shims is shown igufe 3-6 and 3-7 (a more thorough

description of the adjusting procedure is enclasebpendix A-2.1).

Figure 3-6 Drawing of apparatus flange, (flame Figure 3-7 Photograph of apparatus

gap) with the distance shims in correct position.flange, (flame gap) with the calibration

From (Opsvik 2010) shims in correct position. From (Opsvik
2010)

3.4.2 Adjustment of ignition position in the Plane Circular Flange
Apparatus (PCFA)

The ignition position in the primary chamber is wsigble in the X-direction, making it
possible to vary the ignition position from beirtglae entrance of the gap, to the centre of the
cylindrical primary chamber, shown in figure 3.8xpErimental procedures are given in
Appendix A.
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Figure 3-8lllustration of the adjustable spark gap. From:d€vik 2010)

3.4.3 Flow from primary chamber in the Plane Circul  ar Flange Apparatus
(PCFA)

If the ignition is centric in the primary chambgre flame front will propagate like a spherical
flame towards the gap opening, the flame is "quedt¢in the gap opening. Hot combustion
gases will be "pushed"” out by the pressure risthénprimary chamber and be ejected from
the primary chamber into the external chamber. fibecombustion gases will be vented
through the circular flange and flow out in alletition as indicated in figure 3-9.

AN

Direction of
External

flow
chamber

Flange

Flame front at
time (t)

Internal

Ignition point
chamber g P

N

Figure 3-9lllustration of how the combustion products will 'legected” out from the circular
flange opening in the PCFA. The ignition positiontlis illustration is in the centre of the
primary chamber, in the experiments the ignitiosipon was 14 mm from the gap entrance
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3.4.4 Flame gap surfaces tested in the Plane Circul ar Flange Apparatus
(PCFA)

In the PCFA five different flame gap surface coof@fions were tested. A description of the
different gap surfaces, data and motivation fotingsthese different slit configurations are
given in this chapter. The undamaged, sand blastddusted gap surfaces have been tested
by Opsvik and some experiments is done in compaiti ®@rov, and more data and
information of these slits are available in (Ops2ikL0) and (Opsvik et.al 2010).

3.4.4.1 Flame gap surfaces with different materials =~ and roughness tested in
the Plane Circular Flange Apparatus (PCFA)

Table 3-3Specifications of the undamaged flame gap surfaamed in the PCFA

Specifications UmEEmEgEe
gap surface

Material Carbon stee

Ra [um] 0.2

Rz [um] 2.0

Heat capacity [J/g-C°] 0.452

Thermal conductivity [W/mK] | 45

Length of slit [cm] 2.7

Inner diameter [cm] 10.7

Thickness of slit [cm] 1.4

V

Figure 3-10Photograph of the undamag#édme gap surface examined in the PCFA

All gap surfaces are manufactured at the mechamiogkshop at the University of Bergen;
the undamaged gap surface is made of standardrcateel. The undamaged flame gap
surface are made to be within the requirement e (tEC 2002) which states thdffhe
surfaces of joints shall be such that their averageghness Ra (derived from ISO 468) does
not exceed 6.3 pmThe undamaged flame gap surfhes an average roughness (Ra) of 0.2
pum and an Rz of 2.0 um, which is well inside thquieements. Figure 3-10 shows a
photograph of the undamaged flame gap surdigeel in the experiments. Figure 3-11 shows a
sketch of the flange with dimensions, all flangestéd in the PCFA had the same dimensions.
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—— 53.5mm — 71— 27mm 7

Figure 3-11The dimensions of the flanges in the PCFA

Motivation

Experiments with the undamaged flame gap surfaces werformed to have a reference
value, which could be compared with gap surfacdh damage. Experiments were carried
out to find the MESG value for the undamaged gapasea; it was also tested with two
different ignition distance at0 mm and 14 mm from the start of the gap.

Table 3-4Specifications of the sandblasted flame gap suréxeenined in the PCFA

. Sandblasted

Specifications
gap surface

Material Carbon steel
Ra [um] 12 *
Rz [um] 65 *
Heat capacity [J/g-C°] 0.452
Thermal conductivity [W/mK] | 45
Length of slit [cm] 2.7
Inner diameter [cm] 10.7
Thickness of slit [cm] 1.4

* The values of roughness for the sandblasted ssface very uncertain; this is because the roughveses
over the gap surface. To get a value as accurgiessible the roughness is measured in every 3@featircular
flange, and the mean average of these 10 measutreinghe value reported in the specification facteflame

gap surface. Detailed description of roughness ureasents and more on how the surface roughness
measurements are carried out is described in App&nd
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Figure 3-12Photograph of the sandblasted flame gap surfacenexd in the PCFA. From
(Opsvik 2010).

Motivation

A gap surface which in basis had similar specificet as the undamaged flame gap surface
were sandblasted to create a considerable damegéidare 3-12), with a roughness that was
far above the allowed maximum value of roughnessmgin (IEC 2002). This was done to
see how a much rougher surface will influence @NHESG and the efficiency of the gap.

Table 3-5Specifications of the rusted flame gap surface @xadnn the PCFA

Rusted circular

Specifications
gap surface

Material Carbon steel
Ra [um] 6,1*

Rz [um] 28*

Heat capacity [J/g-C°] 1.47*
Thermal conductivitfW/mK] | 45*

Length of slit [cm] 2.5

Width of slit [cm] 5.63
Thickness of slit [cm] 0.5

* The value of roughness for the rusted flame gafaseis very uncertain; this is because the degreesifand
pitting varies a lot over the whole gap surfacee fieat capacity and thermal conductivity may alsnge due
to the formation of iron oxides from the rust og 8ilit steel surface.
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Figure 3-13Photograph of the sandblasted flame gap surfacenexed in the PCFA. From
(Opsvik 2010).

A gap surface which in basis had the same spetidita like the undamaged flame gap

surface was exposed to a corrosive environmengttougt formation on the surface. Figure 3-
13 shows a photograph of the rusted flame gap cidsed in the experiments. The rusted
steel surface was prepared by hanging the flangtkors at the sea side, midway between
high and low tide, for about two months.

Motivation

Rust formation is one of the most common damaggscm occur on equipment that operates
in an outdoor environment. Equipment that is usedfishore operations for example Ex "d"
equipment, operates in a highly corrosive enviromnfbecause the presence of sea water).
Therefore it is a high probability for rust formati on this type of equipment, if the material
used is not stainless steel or other non-corrasiaeerials.

The aim for testing a gap surface with rust damsage examine how the rust formation in the
flame gap will influence the MESG value and thecgthcy of the gap.

Table 3-6Specifications of the Plexiglas flame gap surfac@ned in the PCFA

Specifications FERTTES Cal
surface

Material Plexiglas

Ra [um] 2.9

Rz [um] 15

Heat capacity [J/g-C°] 1.47

Thermal conductivitfW/mK] | 0.2

Length of slit [cm] 2.7

Inner diameter [cm] 10.7

Thickness of slit [cm] 1.4
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Figure 3-14Photograph of Plexiglas flame gap surface examinezkperiments in the PCFA

A slit made of Plexiglas or Poly(methyl methacrglaPMMA), were made at the mechanical
workshop at the University of Bergen and testethenPCFA, shown in figure 3-14.

Motivation:
The gap surface made of Plexiglas was made to exathe effect a different material of the
flame gap will have upon the MESG value and thisiefiicy of the gap.

3.4.5 Flame gap surfaces with grooves tested in the Plane Circular
Flange Apparatus (PCFA)

Gap surfaces with different grooves are testetienRCFA, this chapter describes the naming
of the gap surfaces with grooves, the specificatiand motivation for testing the different
gap surfaces with grooves are also given.

3.4.5.1 Naming of gap surfaces with grooves

The name given to slits with grooves refers todbefiguration of the gap surface. The first
letter in the name tells us whether the slit isdusethe Plane {tcular Flange Apparatus
(PCFA) or the Pane Rectangular Slit ApparatusRBA). The second letter in the name stands
for Horizontal (Crosswise) or &ftical (Lengthwise) which is the direction of theoves on
the gap surface as described in Section 3.3. Tslerfumber in the name refers to the number
of grooves on the current gap surface, the secontbar refers to the width of the groove,
and the third number refers to the depth of th@ggo

Example: A slit with nameCV-20.1.4:the C, tells us that it is a slit used for expenms in
the Plane_@cular Flange Apparatus (K@), the V, tells us that the grooves arerttcal
(lengthwise). The numbers 20, 1 and 4 refers tpeas/ely number of grooves, width of
grooves and depth of grooves on the gap surface.
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Specifications

Table 3-7Specifications of the CH-8.2.3 flame gap surfac@mered in the PCFA

Gap surface

CH-8.2.3
Material Carbon steel
Ra [um] 0.2
Rz [um] 2.0
Heat capacity [J/g-C°] 0.452
Thermal conductivitfWW/mK] | 45
Length of slit [cm] 2.7
Inner diameter [cm] 10.7
Thickness of slit [cm] 1.4
Number of grooves 8
Width of grooves [mm] 2.0
Depth of grooves [mm] 3.0

Figure 3-15Photograph of flame gap surface CH-8.2.3, with egbsswise grooves with
width:2.0 mm and depth: 3.0 mm, investigated irearments in the PCFA

Eight Grooves 2.0 mm wide and 3.0 mm deep, wertedhihto a flange which in basis had
the same specifications as the undamaged flameswgégce. The grooves follow the circular
flange around the gap surface, these grooves fmea@ to as crosswise grooves (see Section
3.3).Figure 3-15 shows a photograph of the gap surtawe figure 3-16 shows a figure with
the dimensions of the gap surface and the groovekseogap surface. A similar gap surface is
tested in the PRSA, gap surface PH-7.2.3 (seed®e8tb.4.4, figure 3-32 and 3-33).
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Grooves 53,5mm L 27mm

Figure 3-16Dimensions of the gap surface CH-8.2.3 with eigbsswise grooves with
width: 2.0 mm and depth: 3.0 mm, examined in thEAC

Motivation:

This flame gap surface was made to examine hove largsswise grooves on the gap surface
would affect the MESG and the efficiency of the géfhen damage occurs on a flame gap
for example from dismounting of the enclosure undspection of a flame gap, the operator
may scratch the surface of the gap with a screwedrivhe direction of this scratch/groove can
go through the width of the gap in the directiorflofv, or just be a groove for example in
the middle of the flame gap. The aim with the expents with this gap surface was to get an
understanding of how different damage influencesdfiiciency of the gap, and the MESG
due to the direction of the damage on the flamesgaface.

Another interesting aspect of these grooves is thay most likely create more initial
turbulence in the external chamber and turbulencéné gap, when the pressure rise in the
primary chamber "pushes” the hot combustion pradtiobugh the gap. It was than possible
to examine whether the turbulence generation irgtigeincreases or decreases the probability
of re-ignition in the secondary chamber.

! Direction of flow refers to the direction that thembustion zone will have in relation to the diiee of the
grooves on the gap surface.

-55 -



3.4.6 Slightly modified Plane circular Flange Appar  atus (MPCFA)

When experiments with the gap surface of Plexiglase to be tested in the PCFA, it was
revealed that the PCFA used by (Opsvik 2010) hatkedonitations when it came to ensuring
that the gap opening was uniform over the wholenoye Plexiglas which is a less rigid
material than steel was bent when the gap wasnkedtsvith torque. This made the gap
opening larger near the distance "shims" and smbééveen the distance "shims". This is
shown in figure 3-17This was because when the flanges in the primapmber was
assembled, the upper and the lower flange wasniedtiey applying a torque of 10 Nm on the
screws over the distance "shims", but also ovesparthe flange where no distance "shims"
were placed.

Fastened with torque Fastened with torque
Fastened with torque

Upper flange
I PP g
Gap opening Sl:isr:?:w
1

Lower flange

/_\

Fastened with torque
Fastened with torque Fastened with torque

Figure 3-17The photograph in the top shows how the gap ishgidanore together where
the screws are tightened and no distance shimsegg. It is illustrated in the bottom figure
to get a better understanding of the effect. Thstilation is somewhat exaggerated

Due to this, the gap opening became smaller opainieof the flanges where the flanges was

fastened with torque and no distance "shims" wasgal, as shown in figure 3-17. This effect
was discovered on the Plexiglas gap surface, leusaime will also to some extent occur with
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other slits of more rigid metal as steel, but il wiot give such a dramatic error in the
uniformity of the gap opening. Nevertheless thisvekd that efforts had to be made to ensure
that the gap opening was uniform over the wholegéaopening. It was also discovered that
the lower flange was fastened with only three serelecause of an error made when
designing the apparatus. This made the part ofaler slit which was not fastened to be
higher than the rest of the slit giving furtheroenn the gap opening distance.

Because of these uncertainties for assuring tleagép opening was uniform, the PCFA was
slightly modified. The PCFA was modified so thae tlower slit could be fastened with 4
screws to assure that the flange was at the saveé deer the whole length. It was also
decided to only apply torque on the screws thatews#aced over the 4 distance shims to
counter the effect discussed above. Reference iexgeis were performed to compare the
MESG values found by (Opsvik 2010) and values olethiafter the apparatus was modified.
Flanges with new gap surface configurations westetein this slightly modified apparatus.
From control measurements of the gap opening, oiveld that by applying these minor
modifications there was a large improvement whesaihe to ensuring that the gap opening
was uniform over the whole flange opening. The ltedtom the slightly modified PCFA are
referred to as the Modified Plane Circular Flangm#ratus (MPCFA).

3.4.7 Flame gap surfaces tested in the Modified Pla  ne Circular Flange
Apparatus (MPCFA)

Table 3-8Specifications of the undamaged flame gap surfaamaed in the MPCFA

Specifications UmEEmEgEe
gap surface

Material Carbon stee

Ra [pum] 0.2

Rz [um] 2.0

Heat capacity [J/g-C°] 0.452

Thermal conductivity [W/mK] | 45

Length of slit [cm] 2.7

Inner diameter [cm] 10.7

Thickness of slit [cm] 1.4

7

Figure 3-18Photograph of the undamaged slit used in the erpants in the PCFA

This flange has the same specifications as thermaged flame gap surface, tested in the
original Plane Circular Flange Apparatus (PCFA).
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Motivation:
The undamaged flange was tested in the slightlyifibatPlane Circular Flange Apparatus
(MPCFA), this was done to see how the changesanagiparatus affected the value of the

MESG.

Table 3-9Specifications of the CV-20.1.4 flame gap surfaerened in the MPCFA

Specifications SUAALLL LR
surface

Material Carbon steel

Ra [um] 0.2

Rz [um] 2.0

Heat capacity [J/g-C°] 0.452

Thermal conductivitfW/mK] | 45

Length of slit [cm] 2.7

Inner diameter [cm] 10.7

Thickness of slit [cm] 14

Number of grooves 20

Width of grooves [mm] 1.0

Depth of grooves [mm] 4.0

Area of Groves [mm] 80

Figure 3-19Photographof the CV-20.1.4 flame gap surface, with twentgtlewise grooves
with width: 1.0 mm and depth: 4.0 mm, investigateexperiments in the MPCFA

Twenty grooves of 1.0 mm width and depth 3.0 mmewnailled into a flange which in basis
had the same specifications as the undamaged ffamsurface. The grooves on this flange
goes through the whole flange-width and makes "cbk&fi in the same direction as the
direction of flow/reaction. The direction of thegmoves is referred to as lengthwise grooves
in this thesis (see Section 3.3). Figure 3-19 shawhotograph of the flange, and figure 3-20
shows the dimensions of the flange and the groomdbke gap surface.
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Grooves L0 53,5 27 Oner

Figure 3-20The circular flange CV-20.1.4 with dimensions

Motivation:

This slit was made to examine the effect of lengglewgrooves that perforates through the
whole slit width. This is to further examine howetldirection of damage influences on the
efficiency of the gap, compared to the crosswismges on the gap surface CH-8.2.3 (see
Section 3.4.5 figure 3-15 and 3-16). And to comparth the similar gap surface with
lengthwise grooves tested in the PRSA (see Se8tlmnd.4, figure 3-33 and 3-34)

It was from preliminary tests in PRSA found thatdéhwise grooves of 1 mm width and
depth 4 mm, did not affect the MESG value, and bemt the efficiency of the gap. It was
therefore resolved to make 20 grooves of 1 mm wadttth depth 4 mm, to examine whether
the MESG then was affected by the grooves. Anathative for making this slit was to see
whether multiple grooves with a width that did reatpport explosion transmission, could
create a turbulent regime that made probabilityeafynition in the secondary chamber higher
or lower.
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3.5 The Plane Rectangular Slit Apparatus (PRSA)

As mentioned in section 3.1, the Plane RectandsliarApparatus (PRSA), is a smaller and
simpler apparatus than the PCFA, giving a muchtehdime between each experiment
compared to the PCFA. A cross section of the apypsia shown in figure 3-21.

Gas outlet
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External
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electrodes ::':'\ N
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Figure 3-21A Cross section of the cylindrical PRSA, with a 1@@@ primary chamber, and
a plane flame gap with 25mm width, used for deitemg MESG for different gap surfaces in

propanef/air
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The original idea was to carry out only some pralamy experiments in the PRSA with
various kinds of damage of the gap surfaces, aneetidy the results found in the PCFA.
Then if the experiments gave interesting resuitsil@ gap surfaces were to be tested in the
more time-consuming PCFA. However it turned outt tegperiment in the two different
apparatuses with similar gap surface structureg gavy good correlations despite the large
differences in the two apparatuses (this is disiss Chapter 4). Because of this not all of
the gap surface configurations are tested in bbtheoapparatuses

The PRSA is a modified version of the apparatugydes by Prof. R K. Eckhoff, and used by
(Larsen 1998) and (Einarsen 2001). Einarsen statedvork of investigating the effect of
damage of flame gap surfaces (discussed in Se2t6); the need for modification of the
apparatus used by Einarsen was to make experimens reproducible. It was discovered
that the adjustment of the gap openings in Einasseork were inaccurate. He used distance
pieces that were made with equipment which had doauracy, so the actual value of the
distance pieces varied a lot. When the gap opewag to be fastened the gap was only
tightened in the upper part of the gap, and thereiinformation on the value of torque used
when assembling the gap. This led to a gap opentrigh was not uniform over the whole
gap opening. The opening was smaller in the uppdrvpere screws were used to fasten the
gap, and the gap opening was larger in the stdheofjap opening.

Due to the inaccuracy and insufficient descriptiasfsthe experimental procedures in
(Einarsen 2001), the apparatus was modified. It deiermined to use commercial produced
distance "shims", used in the industry for settiigfances in motors. These distance "shims"
made it possible to vary the gap opening in stdp8.@l mm. The apparatus were further
improved by using a low torque of 20 cNm, and tap gvas fastened both in the upper part
and in the start of the gap in the lower part. Mws done to get a uniform gap opening over
the whole gap opening, this is shown in figure 3aB& 3-23. Figure 3-2i8 a photograph of
the upper part of the gap with the distance "shipiated in the gap, the screws which were
tightened with torque can be seen. Figure 3-23plaograph of the underside of the gap, the
numbers 1-4 is the screws fastened with torqugeta uniform gap opening over the whole
gap opening, the distance shims can be seen andibe of the gap.
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Figure 3-22 Photograph of the upper partFigure 3-23Photograph of the lower part of the

of the flame gap in the PRSA, with distanflame gap in the PRSA, this is the part which is

"shims" placed, the gap is fastened withiaside the primary chamber. The numbers 1-4 on

low torque applied on the screws, seen the photograph is the screws which are tightened

the photograph with the same torque as the screws in the upper
part of the flame gap, ensuring a uniform gap
opening over the whole width of the gap. On the
sides of the flame gap the distance "shims" can
be seen

Another reason for using a low torque when settiveggap opening distance, was to counter
the effect which were found in (Opsvik 2010). e gxperiments with rusted gap surfaces the
distance "shims" were compressed into the porosgedusurface, making the actual gap

opening smaller then the actual value of the shisesl for setting the gap opening. Another

inaccuracy when dealing with uniformity over theogmening in the PCFA is that torque was

applied on screws over the gap where no distanitenss were placed, and this made the

actual gap opening smaller some places aroundahgd opening, and hence the gap opening
were not uniform over the whole flange openingg(ikidiscussed in Section 3.4.6).

3.5.1 Specifications of the Plane Rectangular Slit ~ Apparatus (PRSA)

The apparatus consists of two cylindrical chambersprimary chamber with volume,
V, =1000cn?, where a spark can ignite the explosive gas mexifine spark generator

system is described in Appendix Bjd a external chamber with volumé,=3000cnT. The

primary chamber is made of steel and the exterdmamber made of Perspex. A propane/air
mixture is flushed through the apparatus (see &e@&i6) a cross section of the apparatus is
shown in figure 3-21.

The primary chamber is connected by a flame gap whtangeable rectangular slits with

width of 25 mm to the external chamber; the lengiththe slits is 56 mm. The flame gap
opening was adjusted by placing distance "shimdivéen the interchangeable slits (see
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figure 3-22 and 3-23), the shims are of standadiistrial quality used in industry to set
distances in motors, the distance "shims" madessible to adjust the gap in steps of 0.01
mm. To get uniform opening over the whole gap opgni2 shims were placed before
assembling the flanges, and tightening the screitys amorque of 20 cNmilo further insure

a uniform gap opening over the whole slit widtre thap was fastened both in the upper and
lower part of the gap as shown in figure 3-22 ar2B3a more thorough description of the
adjusting procedure is enclosed in Appendix A-2.4).

3.5.2 Adjustment of ignition position in the Plane Rectangular Slit
Apparatus (PRSA)

The ignition position in the primary chamber is wdable, making it possible to vary the

ignition position from being in the start of thepg@o be almost in the bottom of the primary
chamber. The spark electrodes are shown in theogtagih of the primary chamber in figure

3-24. When experiments to find the MESG for différgap surfaces was performed the
ignition distance was 14 mm from the entrance efghp. Experimental procedures are given
in Appendix A.

Figure 3-24Photograph of the spark electrodes in the primdrgraber in the PRSA, the
ignition position could be varied up towards theoggening and, down away from the gap
opening

3.5.3 Flow from primary chamber in the Plane Rectan  gular Slit
Apparatus (PRSA)

If the ignition is centric, the flame front will sgad like a spherical flame and be quenched in
the gap opening. Hot combustion products will bashed" out by the pressure rise in the

primary chamber and be "ejected" from the primdrgnober into the external chamber (see
figure 3-25). Compared to the PCFA, the ventingaasesmaller and the resulting explosion

pressure will be of a higher order in this appadhan in the PCFA (see Section 3.4.3, figure
3-9).
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Figure 3-25lllustration of how the combustion products will\ented out from the
rectangular gap opening in the PRSA. The ignitiosion in this illustration is in the centre
of the primary chamber, in the experiments thetigniposition was 14 mm from the gap
entrance

3.5.4 Flame gap surfaces tested in the Plane Rectan gular Slit Apparatus
(PRSA)

In the PRSA eighteen different flame gap surfaadigarations were tested, some of the gap
surfaces tested had the same specifications ekcaptchange in width and depth of grooves
on the gap surfaces. Some of the gap surfacesl teatk approximately similar gap surface
structure as gap surfaces tested in the PCFA, dkelts obtained from the similar gap
surfaces in the different apparatuses is discuss&hapter 4. A description of the different
gap surfaces, data and motivation for testing tlterent slit configurations are given in
this chapter. Experiments to find the ignition gomost favourable for re-ignition in the
external chamber is also performed and describesl he

3.5.4.1 Experiments to find the ignition point most favourable for re-ignition in
the secondary chamber

Experiments were performed with the undamaged flgagpesurface to find the ignition point
in the primary chamber, which was the point thategdie lowest gap opening in respect to re-
ignition in the secondary chamber.

Motivation:

When dealing with Ex "d" equipment an ignition aatur anywhere inside the enclosure, it
was therefore necessary to find the most "dangérgagion position. This is the ignition
position which gives the lowest gap opening in eespto re-ignition in the secondary
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chamber. This ignition position was than the positthat all the slits with different gap
surface configurations were to be tested with.

3.5.4.2 Flame gap surfaces with different materials =~ and roughness tested in
the (PRSA)

Table 3-10Specifications of the undamaged flame gap surfaaeaed in the PRSA

Specifications LEEImEEEe
gap surface

Material Carbon steel

Ra [um] 0.2

Rz [um] 2.0

Heat capacity [J/g-C°] 0.452

Thermal conductivity [W/mK] | 45

Length of slit [cm] 2.5

Width of slit [cm] 5.63

Thickness of slit [cm] 0.5

Figure 3-26Photograph of the undamaged flame gap surfaces iexgnn the PRSA

The undamaged flame gap surface is made of carteml and made to be within the
requirement in the (IEC 2002), with respect to acefroughness less than 6.3 um. This gap
surface is similar to the flange with undamaged giajpace tested in the PCFA. Figure 3-26
shows a photograph of the slit, figure 3-27 shdwvesdlit with dimensions. The dimensions of
the slit are the same in all experiments with déf¢ flame gap surface configurations
examined in the PRSA.

Sem o06,23mm
£
£
ip]
u
L )L ) J 4
A) Side of gap B) Front of gap

Figure 3-27 The undamaged flame gap surface examined in ti8ARRth dimensions.
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Motivation:

The undamaged flame gap surfaces were made toehdESG reference which could be
compared with the undamaged slit in the PCFA, armmbtpare with other flame gap surfaces
with damage examined in the PRSA.

Table 3-11Specifications of the sandblasted flame gap suréxeenined in the PRSA

Specificat Sandblasted
pecifications

gap surface
Material Carbon stee
Ra [um] 12 *
Rz [um] 65 *
Heat capacity [J/g-C°] 0.452
Thermal conductivity [W/mK]| 45
Length of slit [cm] 2.7
Inner diameter [cm] 10.7
Thickness of slit [cm] 0.5

* The value of roughness of the sandblasted surfacesy uncertain; this is because the roughnesessaver
the slit-surface. To get a value as accurate asiljesroughness is measured in 3 positions orsliheand the
mean average of the 3 measurements is the valoetedpin the specification for each gap surfacdetailed
description of roughness measurements and morewrihe surface roughness measurements are catrigs o
described in Appendix C.

Motivation:

A gap surface which in basis had a roughness @quhE undamaged flame gap surface were
sandblasted to make a considerable damage, wibhghness that was far above the allowed
maximum value of roughness given in (IEC 2002)sMmas done to see how a much rougher
surface will influence on the MESG and the efficgrof the gap. Sandblasted slits were
tested in both apparatuses to compare the results.

Table 3-12Specifications of the Plexiglas flame gap surfacm@ned in the PRSA

Specifications Fge
gap surface

Material Carbon steel

Ra [um] 2.9

Rz [um] 14.6

Heat capacity [J/g-C°] 1.47

Thermal conductivitfWW/mK] | 0.2

Length of slit [cm] 2.5

Width of slit [cm] 5.63

Thickness of slit [cm] 0.5
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Figure 3-28Photograph of the Plexiglas gap surfaces examingtie PRSA.

A slit made of Plexiglas or Poly(methyl methacrglaPMMA), were made at the mechanical
workshop at University of Bergen and tested inRRSA.

Motivation:
The Plexiglas slit was made to examine the effediffarent material of the flame gap will
have upon the MESG value and the efficiency oftie.

3.5.4.3 Rusted flame gap surfaces examined in the P lane Rectangular Slit
Apparatus (PRSA)

Experiments with two set of slits with rusted gapfaces have been tested in the PRSA. The
rusted steel surface was prepared by hanging dmgdk outdoors at the sea side, midway
between high and low tide, for about two monthse @i the slits was sandblasted before

exposure to saltwater; the other was of standardhimad carbon steel with the same

specifications as the undamaged gap surface bekpasure to saltwater.

Table 3-13Specifications of the rusted flame gap surfacexamined in the PRSA

e Rusted

Specifications
gap surface 1

Material Carbon steel
Ra [um] 5.3*
Rz [um] 30.5*
Heat capacity [J/g-C°] 1.47*
Thermal conductivity [W/mK] | 45*
Length of slit [cm] 2.5
Width of slit [cm] 5.63
Thickness of slit [cm] 0.5

* The value of roughness of the corroded surfacesrig uncertain; this is because the degree ofamgtpitting
vary a lot over the gap surface. The heat capacitithermal conductivity may also change due tddahmation

of iron oxides from the rust on the gap steel i@falo get a value as accurate as possible, roaghiee
measured in 3 positions on the slit, and the me@nage of the 3 measurements is the value repartéue
specification for each slit, detailed descriptioh roughness measurements and more on how the surfac
roughness measurements are carried out is desénildgzpendix C.
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Figure 3-29Photograph of rusted gap surface 1 examined irPlREA

A gap surface which in basis had a roughness déqubke undamaged flame gap surface was
exposed to a corrosive environment to get rust &ion on the surface. The rusted steel
surface was prepared by hanging the slits outdaiotise sea side, midway between high and
low tide, for about two months.

Motivation:

Rust formation is one of the most common damaggscm occur on equipment that operates
in an outdoor environment. Equipment that is usedfishore operations for example Ex "d"
equipment, operates in a highly corrosive enviromnfeecause of the presence of sea water).
Therefore it is a high probability for rust formation this type of equipment, if the material
used is not stainless steel or other non-corrasiaeerials.

The motivation for testing gap surfaces with rustnage is to see how rust formation in the
flame gap influences on the MESG value and theieficy of the gap. Experiments with
rusted surfaces was first performed in the PCFA(@gsvik 2010), the reason for testing
rusted slit surfaces also in the PRSA is to vadidhae results found in the PCFA, and to see if
the results were equal in a another apparatus.

Table 3-14Specifications of the rusted flame gap surfacex@mened in the PRSA

e Rusted

Specifications
gap surface 2

Material Carbon steel
Ra [um] 11.2*
Rz [um] 58*
Heat capacity [J/g-C°] 1.47*
Thermal conductivity [W/mK] | 45*
Length of slit [cm] 2.5
Width of slit [cm] 5.63
Thickness of slit [cm] 0.5

* The value of roughness of the corroded surfacesrig uncertain; this is because the degree ofamgtpitting
vary a lot over the gap surface. The heat capacitithermal conductivity may also change due tddahmation

of iron oxides from the rust on the gap steel si@falo get a value as accurate as possible, roaghee
measured in 3 positions on the slit, and the meanage of the 3 measurements is the value repartéae
specification for each slit, detailed descriptioh roughness measurements and more on how the surfac
roughness measurements are carried out is desénildgapendix C.
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Figure 3-30Photograph of rusted gap surface 2, examined irPIRSA

A slit which in basis had the same specificatiokes the sandblasted surface was exposed to a
corrosive environment to get rust formation on theface. The rusted steel surface was
prepared by hanging the flanges outdoors at thesidea midway between high and low tide,
for about two months.

Motivation:

This gap surface was sandblasted before placinglie sea water, the aim for testing this slit
was to see if there were some differences on th&®IBnd efficiency of the gap, compared
to the rusted surfaces that had a roughness thatingde the requirements in the (IEC 2002)
before being placed in the sea water. Note thafitiaéroughness is slightly larger for this slit
than for the slit that was undamaged before rusting

3.5.4.4 Flame gap surfaces with multiple grooves te  sted in the Plane
Rectangular Slit Apparatus (PRSA)

In the PRSA slits with similar multiple crosswiseddengthwise grooves (see Section 3.3) on
the gap surfaces, like the gap surfaces testedhanPICFA was tested, this was done to
compare the results from the two different appaeguand see if the same kinds of results
would be found in both apparatuses. Slits with Isimgngthwise grooves with different width
and depth of groovethat perforates the slit in relation to the flowedition is also tested in
the PRSA (see Section 3.5.4.5). This chapter de=ithe specifications and motivation for
testing the different gap surfaces with grooveth@éPRSA.
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Table 3-15Specifications of the PH-7.2.3 flame gap surfa@am@ned in the PRSA

P PH-7.2.3

Specifications

gap surface
Material Carbon steel
Ra [pum] 0.2
Rz [um] 2.0
Heat capacity [J/g-C°] 0.452
Thermal conductivity [W/mK] | 45
Length of slit [cm] 2.5
Width of slit [cm] 5.63
Thickness of slit [cm] 0.5
Number of grooves 7
Width of grooves [mm] 2.0
Depth of grooves [mm] 3.0
Area of Groves [mm] 126

Figure 3-31Photograph of PH-7.2.3 flame gap surface examindtie PRSA

Seven grooves of 2.0 mm width and depth 3.0 mm welled into a gap surface which in
basis had the same specifications as the undanftayed gap surface. The grooves are
crosswise over the whole length of the slit, butnd® perforate the slit in the flow/reaction
direction (see Section 3.3). Figure 3s3fows a photograph of the slit, and figure 3-32x&ho
the slit with dimensions of the grooves.

£
£ Grooves
o

3Mm

—

A) Side of gap B) Front of gap

Figure 3-32The PH-7.2.3 flame gap surface examined in theAPRg dimensions.
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Motivation

This gap surface is similar to the flange CH-8.@&8&ed in the PCFA described in Section
3.4.5. This gap surface configuration was firsteedn the PRSA, and the motivation is the
same as described under motivation of the CH-8r8izated here:

This flame gap surface was made to examine hove largsswise grooves on the gap surface
would affect the MESG and the efficiency of the .g&fthen damage occurs on a flame gap,
for example from dismounting of the enclosure undspection of a flame gap, the operator
may scratch the surface of the gap with a screwedrivhe direction of this scratch/groove can
go through the width of the gap in the directiorflofv®, or just be a groove for example in
the middle of the flame gap. The aim with the expents with this gap surface was to get an
understanding of how different damage influencesdfiiciency of the gap, and the MESG
due to the direction of the damage on the flamesgaface.

Another interesting aspect of these grooves is thay most likely create more initial
turbulence in the external chamber and turbulencthé gap when the pressure rise in the
primary chamber "pushes” the hot combustion pradtiobugh the gap. It was than possible
to examine whether the turbulence in the gap isa®ar decreases the probability of re-
ignition in the secondary chamber. A comparisorthe$ slit and the CH-8.2.3 is given in
Section 4.2.

2 Direction of flow refers to the direction that tbembustion zone will have in respect to the dioecof the
grooves on the gap surface.
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Table 3-16Specifications of the PV-10.1.4 flame gap surfa@emened in the PRSA

Gap surface

Specifications PV-10.1.4
Material Carbon steel
Ra [um] 0.2

Rz [um] 2.0

Heat capacity [J/g-C°] 0.452
Thermal conductivity [W/mK] | 45

Length of slit [cm] 2.5

Width of slit [cm] 5.63
Thickness of slit [cm] 0.5
Number of grooves 10

Width of grooves [mm] 1.0

Depth of grooves [mm] 4.0

Area of Groves [mm] 40

4

s —— -~

Ul |5

Figure 3-33Photograph of PV-10.1.4 flame gap surface examinglde PRSA, when the gap
is assembled one part of the slit has a gap surlikeethe undamaged gap surface and the
other is the one with lengthwise grooves showhedéft in the photograph

Ten grooves 1mm wide and 4mm deep were milled antame gap surface which in basis
had the same specifications like the undamagedsgdpce. The grooves are lengthwise (see
Section 3.3)Figure 3-33shows a photograph of the gap surface, and figtBé S8hows the
slit with the dimensions of the grooves on the gaface.

1.0mm 4.0mm

Figure 3-34The PV-10.1.4 slit examined in the PRSA with dilassof the grooves on the
surface
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Motivation:

This gap surface configuration was tested to exantine effect of lengthwise grooves that
perforates through the whole slit length. It wasirpreliminary tests in the plane rectangular
slit apparatus with only one groove in the flowatan direction found that grooves with
width less than 1mm did not affect the MESG vahrg] hence not the efficiency of the gap.
It was therefore resolved to make 10 grooves toifstee MESG then was affected by the
grooves. Another motive for making this slit wassee whether grooves which had a width
that did not support explosion transmission, coatdate a turbulent regime that made
probability of re-ignition in the secondary chambegher or lower. This slit was the basis for
making the CV-20.1.4 flange tested in the sligintlydified PCFA (see Section 3.4.7), and the
results from these gap surface configurations angpared and discussed in Section 4.2.

3.5.4.5 Experiments with single lengthwise grooves through the direction of
flow, with known depth and width of grooves tested in the (PRSA)

A total of eleven different slits with single graesson the gap surface, with different width
and depth that perforates the slit lengthwise &eation 3.3) in relation to the flow direction
is examined. The slits had in basis the same spa&iiiins as the undamaged gap surface
before applying the grooves.

Figure 3-35Photograph of five slits with different width anejpth of the grooves on the gap
surface that perforates the slit in the flow dirent(lengthwise). Width and depth of grooves
on slits, from left to right: Slit 1: width: 1 mmdepth: 4 mm. Slit 2: width 2 mm, depth:1 mm.
Slit 3: width:3 mm, depth:1 mm. Slit 4: width 4 ndapth:0,5 mm.

Table 3-17Specifications of the slits with single lengthwgseoves examined in the PRSA

Slits with single

Specifications lengthwise
groove

Material Carbon steel

Ra [um] 0.2

Rz [um] 2.0

Heat capacity [J/g-C°] 0.452

Thermal conductivitfW/mK] | 45

Length of slit [cm] 2.5

Width of slit [cm] 5.63

Thickness of slit [cm] 0.5

In figure 3-35 four slits with different width andepth of grooves are shown, figure 3-36
shows how the grooves are orientated on the dlitha single grooves are made in the
midpoint of the slit and perforate through the vehslit width.
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Depth of Groove

Width of groove

Figure 3-36Sketch of a lengthwise groove in the middle ostiteto clarify what is depth
and width of the groove in the slit.

Motivation

Under inspection of Ex "d" equipment grooves framl$ used for dismounting and mounting
of the enclosure can cause damage of the flamelLgagthwise grooves are thought to be the
damage most critical for the flame gap efficienElye tested slits have grooves with different
widths and depths. The motivation for testing thslsis are to examine whether there is a
limiting width and depth value which the grooves deave before the grooves affect the
MESG value and efficiency of the gap in a negatag. If such a value is found, it could
maybe in the future be used to distinguish betwgenves and damage that is critical for the
efficiency of a flame gap in Ex "d" equipment aradrthge that are not.

Naming of slits with single grooves in flow directhin
In table 3-18an overview of the different slits with single gvas are given. The name of the
slits with single lengthwise grooves that perfosatee slit in the flow direction refers to the
width and the depth of the groove in the curreint sl

Example: A slit with namet.4. The first number refers to the width of the grepw this case
1 mm. The second number refers to the depth oftbeve, in this case 4 mm.
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Table 3-180verview of experiments on slit surfaces with gdghgthwise grooves through
the whole slit width, with known depth and widtlgrdoves investigated in the PRSA

Apparatus Name Depth Width

PRSA 14 4 1
PRSA 201 | 01 2
PRSA 202 | 0.2 2
PRSA 205 | 05 2
PRSA 2.1 1 2
PRSA 3.01 | 01 3
PRSA 3.02 0.2 3
PRSA 3.05 0.5 3
PRSA 3.1 1 3

PRSA 4.01 0.1 4
PRSA 4.05 0.5 4

3.6 Gas mixture preparation, analysis and filling

The method for gas mixture preparation, analysid filling is the same as used in (Opsvik
2010), and this chapter is similar to chaptet B (Opsvik 2010)

The same system for gas mixture preparation, aisadysl filling was used for both the PCFA
and the PRSA. Figure 3.37 gives an overview oftthal system. To ensure that the entire
volume of the experimental apparatus was fillechwite desired mixture of propane and air,
the gas filling system consisted of various vemalyes, tubes, flow meters and a gas
analyzer. First propane from a storage tank wagdwith air supplied from the pressurized
air system of the laboratory. The propane conctairavas measured by an infrared gas
analyzer (Servomex 1991).

The premixed gas was introduced into the primargndber close to the bottom. The

subsequent flow into the secondary chamber occutiealigh the gap between the two

chambers. In addition it was possible to use a $/pa direct gas mixture from the primary to

the secondary chamber. In this way the gas fillimg could be reduced in the case of narrow
flame gaps. The gas mixture used in the preserk was 4.2 vol. % propane in air.

(IEC 2002) does not require a purity of the test @opane) better than 95%. However, in
the present investigation both the calibration tesd gas were of considerably better quality,
with a purity of 99.95%. This was done to minimiaay uncertainty due to uncertain
chemical composition of the gas. The detailed ptooes for calibration and use of the
infrared gas analyzer are given in Appendix A-20@ gas quality certificate is enclosed in
Appendix E.

-75 -



Calibration gas Propane Air
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Figure 3-37The gas filling system with the Servomex 1400 B4 iSftared gas analyzer.
The different valves, pressure gauges, supply mmdglow meters as important parts. From
(Opsvik 2010)

3.7 Measurement and data logging system

The method for measurement and data logging syistém same as used in (Opsvik 2010),
and this chapter is similar to chapter 3.6 @psvik 2010)

3.7.1 Data acquisition system

When the homogenous propane-air mixture was cadamithin the explosion apparatus a
spark was generated in the primary chamber andexipbosion pressure build up in the
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primary chamber was measured. Measurements datasteed after each experiment in a
computer in such a way that it could be analyzeallater date.

A NI USB 6009 card, connected to a computer, paréat both controlling and logging of the
experiment. The card controlled the timing of igmt This NI-CAD card is programmed by
Labview software, which is documented in Appendi2 X. The software enables the user to
change all setup parameters, within the limitatiofhihe card and the hardware.

3.7.2 Control system

A tailor made data acquisition and control systeas wade to control the experiments. A NI
USB 6009 card sends signals to trig the ignitioigitBl ports are used for remote triggering
of the experiment and to reset and activate thespre measurement system. Figure 3.38
shows the control and measurement system.

USB Cable
. N
_
[ ] ~
“ Computer Hi/
Data Acquistion
) Device
e ‘ NI-USB 6009
Power
— Supply
" OLTRONIX B202
Spark Signal Cha |
Generator converter Amplrig:r
(UiB made) (UiB made) Kistier 5073
Spark |/
Plug -+
Temperature Pressure
Elements Transducers
T
Chssis
Ground

Figure 3-38Data acquisition and control system. From (Ops\ii@)

3.7.3 Pressure measurements

In order to measure the explosion pressure in timapy chamber as a function of time pi(t),
a set of piezo electric transducers with a chamglifier was mounted in the cylinder wall in
both apparatuses. In connection with each expetimaemero-calibration of the pressure
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transducers where conducted just prior the reledsthe igniting spark in the primary
chamber. Additional information and calibrationtderates are enclosed in Appendix E.

3.8 Sources of error

This chapter is similar to chapter 3.8 in (Ojs2010)

3.8.1 Data Acquisition System

The experience from the work performed in this ihiebows that amplification of measured
signal is important. One A/D converter reads adl tihannels and have switches inside the
card which chooses which channel to read. If orsghl is not satisfactorily amplified, then
the signal from one channel would influence the@aidgrom the next reading.

3.8.2 Gas concentration measurements

Calibration of the gas analyzer was done with &fes span gas containing 5.00 % propane
in nitrogen. The measurements close to these valoekl have the highest accuracy and as
the gas mixture departs from these values thera¢baracy would be somewhat lower. For
mixtures far from the reference point, the accurdegends on the linearity between the two
points or the extrapolation towards a richer migturhe alternative is how well the analyser
calibrates for nonlinearity.

During experiments the gas concentration has td.Bevol.% +/- 0.1 % as stated in (IEC
2007a) Insufficient calibration could result in en@inties with respect to concentration
measurements. To ensure that there is performeddaquate amount of calibration a
calibration log has been established. All calilmatof the gas analyzer has been executed in
accordance with the calibration procedure enclaségppendix A-2.6.

Changes in flow rate effects accuracy and a ch&oge O to 200 ml will introduce an error
<0.1 % (Servomex 1991). Adjustment of flow was doméh a flow meter that actually
measures the momentum of the moving gas partieliggenr than volume flow, so the flow
could also change as a result of variation in dgegravity between air and propane. In
general the flow was not changed for every intearad was on some occasions not changed
at all so it is assumed that variation of flow st tikely to affect the accuracy of the gas
concentration measurement.

Another parameter which can have an influence enatttual gas concentration both in the

primary and secondary chamber is that the mixtare¢he chambers may not always be
homogenous.

3.8.3 Atmospheric pressure and temperature

The normal mode of operation of the gas analys¢o discharge the gas sample from the
measuring cell at atmospheric pressure, the sehgitf the cell will be proportional to the
atmospheric pressure. The effect is that of a gpp@mge, so the error introduced is zero at
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zero concentration and maximum error at full sc@les leads to a change of 1 % in the
atmospheric pressure thus will cause a changepafalyl % of reading.

The manufacturer has stated that the effect of ¢éeatpre change is less than (0.2 % of full
scale display + 0.4 of reading) per degree Celsius.

3.8.4 Air humidity

The propane used in the experiments is mixed witsqurized air supplied from local
distribution network. No measurements of humidity done, but the air is filtrated and dried
in a unit downstream the air compressor. In ang ¢hs quality of the air is not documented
and pollution in form of oil, dust particles or watmay exist in the supplied air. This may
have effects on the results.

3.8.5 Pressure

There is uncertainty in the pressure readings dubé resolution of the pressure transducer.
Kistler, the manufacturer of the piezoelectric sducer, states that the accuracy of the
transducer i + 0.08% of Full Scale Output when the calibrattange is in the area of 0 to
25 bar. This gives an accuracy of + 0.02 bar auexl measuring range, which is well within
acceptable limits.

The pressure transducer is mounted a fixed distamndade vertical chamber wall of the
primary chamber. The transducer may not detect [wessure gradients in the chamber.

3.8.6 Condensed water

After a few explosions water will typically condensn the inside of the walls of the primary

chamber and may represent a significant sourcerof. &Vater may evaporate from the warm

vessel walls during gas filling and the subsequuamiod of turbulence settling, altering the

gas composition. Water in the gas mixture may affeaction mechanisms and heat capacity,
whereas a small portion of the water at the vesaé may evaporate during the explosion. It
is generally assumed that the explosions will lwerepid for significant amounts of water to

evaporate.

3.8.7 Experiments

There are uncertainties due to construction tot@srnn size of volumes, ignition positions

and flange diameters and distances. In additioretlseaccuracy related to the experimental
work, although good experimental procedures woubdinteract this, with reference to

Appendix A.

The dimension of the distance "shims" is obsereedave a variation of approximately 1
hundredths of a millimetre.
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4 Experimental results and discussion

In this chapter the results gained from experimeuitts the different flame gap surfaces in the
two apparatuses used in this work is given andudsed. The main parameter examined and
reported is the change in MESG and efficiency efdap compared to the MESG (see section
2.3.2) value found from experiments of the undarddtgene gap surfaces (see section 3.4.4.1
and 3.5.4.2 for specifications of the undamaged glaaces in the different apparatuses).
This aim is to get an understanding of how difféenerughness and damage of surfaces of
flame gaps in Ex "d" equipment influence on theegnity of this type of equipment. The
degree of damage and direction of damage in relabothe direction of the flow/reaction
zone (see section 3.3) is investigated. The degfeamage and the position of damage a
flame gap in Ex "d" equipment can suffer, beforddaesn’t function satisfactorily anymore is
also investigated.

A comparison of the results with the gap surfacdsiciv has approximately similar
configuration in the different apparatuses is giirethis chapter.

Table 4-1 shows an overview of all the MESG experiments amduas found from
experiments of the different flame gap surface igométions in the different apparatuses. A
detailed description and discussion of the ressltgiven in this chapter. In Appendix C
measurement data for the MESG experiments is egttlos

Table 4-1Overview of experiments and MESG from differemh#é gap surface
configurations

Apparatus Gap surche MESG Mean pressure

Configurations 14 mm at MESG
[barg]

PCFA Undamaged 0.95 0.95 0.128

PCFA Sand blasted 0.91 0.91 0.144

PCFA Rusted/Corroded 1.07 1.0 0.100 (14mm)

PCFA Plexi N/A N/A N/A

PCFA CH-8,2,3 1.14 N/A 0.286

MPCFA Undamaged 0.91 N/A 0.195

MPCFA CVv-20,1,4 0.93 N/A 0.118

PRSA Undamaged 0.98 N/A 3.157

PRSA PH-7,2,3 1.10 N/A 4.209

PRSA PV-10,1,4 1.12 N/A 1.783

PRSA Plexi Plane Slit| 0.98 N/A 3.147

PRSA Corroded 1 0.83 N/A 3.137

PRSA Corroded 2 0.82 N/A 3.217

PRSA Sand blasted 0.93 N/A 3.815
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4.1 Results and discussion from experiments for fin ding the
ignition point most favourable for re-ignition in t he secondary
chamber in the PRSA

Experiments to find the ignition position most favable for re-ignition in the secondary
chamber was performed in the PRSA. Motivation fagse experiments is given in Section
3.54.1.

4.1.1 Results

In figure 4-1,the results from experiments for finding the igmitiposition most favourable
for re-ignition are presented.

Ignition point most favourable for re-ignition in t he secondary
chamber
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Figure 4-1 Determination of the ignition position most favobig for re-ignition in the
secondary chamber in the Plane Rectangular SlitaAgois with 4.2 vol. % propane in air.
The solid line is the gap opening giving re-igmitifmr ten experiments for the given ignition
position, the dotted line is the gap opening givitggre-ignition for ten experiments for the
given ignition position

As shown in figure 4-1, the ignition point that gathe lowest slit opening in respect to re-
ignition in the secondary chamber was 14mm fromgidue opening. It was therefore decided
to use 14mm as the ignition position when experisien the damaged gap surfaces were to
be carried out. It should be mentioned that thatigmn position examined was only the
following ignition positions: 5mm, 10 mm, 14 mm, 2@m, 25 mm (distance from the gap
entrance).

4.1.2 Discussion

All of the literature reviewed in Chapter 2, agreg®n the fact that the pressure inside the
primary chamber, and hence the velocity of the agstibn gases through the flame gap, is of
great importance when considering whether a retanin the secondary chamber can occur.
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From figure 2-22 in chapter 2 from (Larsen 1998 thange in explosion pressure is shown
when the ignition position is moved into the primahamber. The pressure increases when
the ignition position is moved towards the centréhe primary chamber. The velocity of the
combustion gases through the flame gap, and iete@xkernal chamber will increase when the
pressure is increased. Change in ignition posiwdhalso affect the flame which will reach
the walls of the primary chamber at different tinthge to the changed position. This can
influence on the pressure increase and temperatirése combustion gases, because the
combustion products can be cooled before combusioompleted.

In the experiments performed in the present wdrd,ignition position being most favourable
for re-ignition in the secondary chamber was fotmdbe 14 mm from the start of the gap.
From the review of the Phillips theory (see Sectia.1), he introduced the term critical
velocity, which was the velocity that gave the dewlsafe gap opening. Phillips stated that
this critical velocity was found when the explosfmessure was low; because of this he based
his calculations of heat transfer for laminar flolis does to some extent support the results
found in the present work. When the ignition pasitis moved away from the start of the
gap, the gap opening giving no re-ignition (safp destance) is decreased up to a point Z
14 mm (from experiments in the present work). Wttenignition position is moved further
into the primary chamber the safe gap distanceaseased. This demonstrates that there is a
critical pressure and velocity of the burnt gasesugh the flame gap, which gives a higher
probability for re-ignition in the secondary chamb€his can be explained by the fact that
increased velocity (from change in ignition positend hence increased pressure), reduce the
cooling of the gases in the gap. Because the tmaéndt combustion gases can be cooled in
the gap is reduced, when the gases flow with aenigklocity through the gap. When the
velocity is further increased the increased rateadling by entrainment of cold unburned
gases more than compensates for the reduced capolitg gap, and the safe gap distance
increases again. This is in agreement with thertheoChapter 2except for the theory of
increased initial pressure by Redeker. Redekensererents showed that a higher initial
pressure reduced the safe gap distance, but thisatebe directly correlated to the change in
resulting explosion pressure as a result of changthe ignition position. Redeker also
examined the effect of changing the ignition positiand came to the same conclusion that
when the ignition position is moved away from tlenitce, the safe gaps distance decreases
(see Section 2.4.3.2, figure 2-18).

From the review of the Phillips theory in Sectiod.2.2, figure 2-13, he pointed out that if
the pressure was raised further, a new minimumtpzited the break point, where the safe
gap distance once again reached the lowest safeligegmce (found with a lower pressure)
could be reached. If the pressure is raised furtheafe gap distance which is smaller than the
first safe gap distance can be found. This point mat be found in the IEC apparatus for
testing of MESG, or in the apparatuses used inetteriments in the present work. The
reason for this is because the maximum explosiesspires developed in these apparatuses
are not sufficient for reaching this point. But Rps expressed a concern that this could
occur in large enclosures with many internal congmds, giving rise to a high explosion
pressure, especially in the more reactive fueks tikdrogen. External ignition might than be
possible for small gap openings, comparable withsmialler than those permitted in the
current standards.
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4.2 Results and discussion from experiments with si milar gap
surface configurations in the PCFA and PRSA

In this chapter the results gained from approxitgagemilar gap surfaces in the PCFA and
the PRSA are given and discussed.

4.2.1 Results and discussion from experiments with reference flame gap
surface, undamaged gap surface

To get reference values to compare the resulteddiom the gap surfaces with damage and
different roughness, it was tested with gap sudgashich fulfilled the requirements in the
(IEC 2002). Gap surfaces with this type of speatiiins were tested in both apparatuses and
also in the slightly modified PCFA (MPCFA). The uéis from the MESG experiments with
undamaged gap surfaces in the different apparatases shown in table 4-2. The
specifications of the undamaged gap surfaces céouipe in section 3.4.4.1 and 3.5.4.2.

4.2.1.1 Results

Table 4-2MESG values from experiments on undamaged gapcasria the different
apparatuses

Apparatus Gap surche . Ignition MESG Mean pressure
Configurations distance [mm] [mm] E()]]
PRSA Undamaged 14 0.98 3.157
PCFA Undamaged 14 0.95 0.128
PCFA Undamaged 0 0.95 0.128
MPCFA Undamaged 14 0.91 0.195

Note that there is no change in the MESG value @s@at of change in the ignition position
from O mm to 14 mm from the entrance of the gamopein the PCFA. From table 4-2 it is
shown that there are only small differences in MeSG value obtained from the different
apparatuses. The largest difference is from theA®She slightly modified MPCFA, the
change in MESG is from (0.98-0.91) mm, the diffeein percentage is 7.14%, but this is
only 0.07 mm so the difference is not significartte difference from the PRSA to the PCFA
is only 3.06 %. These differences indicate that MESG value is somewhat apparatus
dependentBecause of these differences it was determinecktfopm some of the tests with
damaged gap surfaces in both apparatuses, thislevessto make sure that the results found
came from change in the gap surface configuratiand, not from how the apparatus was
constructed. The gap surface configurations tessteadl apparatuses were those found to be
most interesting after testing in the less advarRB&A that had a much shorter gas filling
time, which made it possible to perform a largember of experiments each day.

From table 4-2 it can be seen that the maximumspresbuild up in the PRSA is much higher
than in the PCFA when the MESG value is reacheds iBhbecause the gap opening area
where the combustion gases is vented is smalldrisnapparatus. The maximum pressure at
the opening of MESG in the PCFA is 0.126 bar(g)the PRSA the maximum pressure is
3.15 bar(g) at the opening of MESG for the apparéee figure 4-2 and 4-3). In the MPCFA
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the maximum explosion pressure at the opening oS8 Eor the apparatus is 0.264 bar(g).
Despite these large differences in the resultingaston pressure, the MESG value is almost
equal in the different apparatuses.
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Figure 4-2 Pressure rise in the primary chamber of the PRSMBSG for this apparatus
with undamaged gap surface, gap opening of 0.98 Mixture concentration 4.2 vol. %
propane in air, ignition distance; X14 mm. The maximum pressure is reached aftertat®u
ms, the pressure is than approximately 3.15 bar(g)

0,14

g

0,08 /

0,06 ,J v\

vos | "\

0,02 / \
N | | N

0 10 20 30 40 50 60 70 80

Time [ms]

o
[EY

Pressure [barg]

Figure 4-3 Pressure rise in the primary chamber of the PCFAM&ESG for this apparatus
with undamaged gap surface, gap opening of 0.95 Mixture concentration 4.2 vol. %
propane in air, ignition distance; X14mm. The maximum pressure is reached after ad@ut
ms, the pressure is than approximately 0.126 bar(g)
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4.2.1.2 Discussion

The experimental results from the undamaged gdips in the different apparatuses gave
almost equal MESG values. This is quite surprisivghen considering the large difference in
the apparatuses, and the differences in the reguliaximum explosion pressure. The
maximum explosion pressure in the PCFA at MESG mygeof 0.95 mm was 0.128 bar(g), in
the PRSA the maximum explosion pressure was 3.85(()pat its MESG opening of 0.98
mm. As discussed in the literature review of Laisevork (see section 2.4.5), this indicates
that the flow is sub sonic in the PCFA, becauseptiessure is under the critical pressure that
was given to be in the range of 1.7 - 2.0 barctueve sonic flow. In the PRSA the flow will
therefore be sonic when maximum pressure is reaahddthe combustion gases flow out
through the gap opening. But the case is not tinaightforward. The pressure and hence the
velocity of the gases will vary throughout the tiri@at the explosion develops inside the
primary chamber. When the gas is ignited in thenpry chamber, the explosion will start to
propagate with a spherical shape out towards tHks wad the gap entrance in the primary
chamber. The pressure rise created will at firsisfyy unburned gas towards and through the
gap opening. Finally, when the first flame fronaches the gap opening, the flame gets
"guenched" in the gap, and the first jet of hot bastion products will be "pushed" out from
the flame gap and ejected into the unburned gtwisecondary chamber. The first jet will be
"pushed" out with a low pressure build up behind ¢fases; hence the velocity is also low.
The explosion will continue to propagate and growthie primary chamber, "pushing” new
jets of combustion products out through the gaph wgradually higher pressures and
velocities until the maximum explosion pressur¢hef given gap opening is reached.

When considering that the MESG values in the dfieapparatuses were almost equal, it can
be assumed that it is the first jet of hot comlmrsproducts which is the one most favourable
for re-ignition in the external chamber. As illied in figure 4-4the ignition position in the
different apparatuses is at the same point, 14 mom fthe gap entrance. The primary
chambers have almost equal volumes approximatdilyes. The width of the flame gap is
approximately the same, 25 mm in the PRSA, and &7imthe PCFA. Because of this it is
assumed that this first jet that is ejected throinghflame gap has almost the same conditions
when it comes to velocity, turbulence and tempeeatf the combustion products in the
different apparatuses. This can explain why the MB&lues were almost equal in the
different apparatuses.
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Figure 4-4lllustration of the first flame front which reachtt®e start of the gap at the same
point in the two apparatuses, giving approximataly same conditions of the first jet of hot
combustion products into the external atmosphehe.illustration to the left is the inner
chamber of the PCFA with ignition distance 14 momfithe start of the gap, the illustration
to the right is a cross section of the cylindripaimary chamber in the PRSA with ignition
distance 14 mm from the start of the gap

The assumption that this first jet is the one nfasburable for re-ignition in the external
chamber is in agreement with the literature revibuwechapter 2. This first jet will have a
velocity that is low; this will give a low rate 6€ooling” by mixing and entrainment with the
"cold" unburned gas in the external chamber. Tétiswjill give the highest probability of re-
ignition because the rate of heat generation fieenchemical reaction will exceed the rate of
cooling by entrainment and mixing. New jets of carsiiion gases will be ejected with higher
velocities. Hence the rate of cooling by mixinglwihe unburned gases will increase and the
jet is less favourable for re-ignition in the extalrchamber.

When the PCFA was slightly modified to ensure that gap opening was uniform over the

whole gap length (described in section 3.4%3,change in MESG was from 0.95 mm to 0.91
mm compared to the original PCFA. This value iselato the reported value of MESG for

propane in the (IEC 1996) which is 0.92 mm. Thdigates that the original PCFA did not

have a uniform gap opening, and that the openirglarger on some of the positions around
the gap opening.

The difference in the MESG value found in the ddfece apparatuses can come from the
difference in the area of ventilation opening. Evkough the gap opening is the same, the
gap is wider and the velocities out from the gapl differ somewhat despite the ignition
position and the assumed equal conditions of tts¢ fet. The gap in the PCFA and the
MPCFA is 27 mm, compared to 25 mm in the PRSA. This decrease the temperature of the
combustion gases somewhat more when they pasgthtba gap opening in the PCFA, and
the MPCFA, than in the PRSA, because the time #seg are inside the gap is somewhat
shorter in the PRSA.
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4.2.2 Results and discussion from experiments on sa  ndblasted flame
gap surfaces

Experiments with sandblasted flame gap surfaces performed in the PRSA and the PCFA.

The experiments with sandblasted gap surface peeidin the PCFA are the results reported
by (Opsvik 2010). The results from the MESG testthe different apparatuses are shown in
table 4-3 and 4-4. The specifications of the saastbl gap surfaces can be found in section
3.4.4.1 table 3-4 and section 3.5.4.2 table 3-11.

4221 Results

Table 4-3MESG values from experiments on sandblasted gdacas in the different
apparatuses

Gap surface Ignition MESG MESG undamaged

SUIEICICE Configurationsdistance [mm] [mm] gap surface [mm]
PRSA Sandblasted 14 0.98 0.98
PCFA Sandblasted 14 0.91 0.95
PCFA Sandblasted 0 0.91 0.95

Table 4-4Mean pressures obtained at MESG for sandblastedsgdpces, pressure from
sandblasted gap surface at the same opening as Mip8aing for undamaged gap surface

Pressure at MESG for PTG
NS Gap surface Mean pressure undamaged
bp Configurations MESG [barg] 9
surface[barg]
PRSA Sandblasted 3.815 3.153(0.97 mm) 3.157
PCFA Sandblasted 0.144 0.138 0.128

Note that there is no change in the MESG value @s@at of change in the ignition position
from O mm to 14 mm in the PCFA; this was also thgecfor the undamaged gap surface.

From table 4-3t is shown that it is only a marginal difference0002 mm or 2.15 % in the
MESG value from experiments performed in the twifedent apparatuses on sandblasted
flame gap surfaces. Compared to the undamagedugtgeess, the MESG value found for the
sandblasted slits are slightly lower. In the PR&A thange is from 0.98 mm to 0.93 mm,
which is a decrease of 5.1 %. In the PCFA the cham@IESG is from 0.95 mm to 0.91 mm,
which is a decrease of 4.2%.

From table 4-4t can be seen that the pressure when the sanelthlgap surface reaches its
MESG is slightly higher than the pressure fromMESG of undamaged gap surface. When
the sandblasted gap surface had the same openihg &ESG opening of the undamaged
gap surface, the pressure build up is slightly érgh the PCFA. It was not done experiments
with the MESG opening for undamaged gap surfacethersandblasted gap surface in the
PRSA, the value in table 4-4 is with a gap opemh@.97 mm which is 0.01 mm less than the
MESG opening of 0.98 mm from the undamaged gapasersfthe pressure value is almost
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equal to the pressure obtained from the MESG ogemith undamaged gap surface at
MESG in the PRSA.

4.2.2.2 Discussion

The results gained from experiments of the santddagap surface in the PRSA support the
results found by (Opsvik 2010) on sandblasted gapse PCFA. There was a small decrease
in the MESG value compared to the MESG value ofuhdamaged gap surface from 0.98
mm to 0.93 mm in the PRSA, and from 0.95 mm to Gt in the PCFA. The decrease is
not considered to be significant enough to be ctmed "dangerous" when considering the
efficiency of a flame gap in Ex "d" equipment. Tineximum allowed gap opening for Ex "d"
equipment is also provided with a safety factoriolwhHor the actual gap width of 25 mm and
inner volume of 1 litres gives a maximum alloweg ggening of only 0.40 mm. From these
results it is therefore assumed that a flame gapeae a considerably higher roughness than
the allowed maximum average roughness (Ra) ofu3 before the flame gap doesn't

function satisfactorily anymore and can constitatedanger for re-igniting an explosive
atmosphere outside the Ex "d" enclosure. The ageragghness Ra of the sandblasted gap
surfaces in the experiments was about/d® which is almost twice the allowed value given

in (IEC 2007a). The results found cannot suppatrdguirement for only allowing a surface
roughness of 6.8m.

It should be pointed out that there are some el&nehuncertainty when considering the
experiments with sandblasted gap surfaces. Thebkestohg of the gap surface produces a
random roughness which may vary a lot over the &/lgap-surface. This can give completely
different value of roughness on different positiohthe gap surface. To ensure that the
roughness value obtained from roughness measursmeete as correct as possible;
measurements were performed on several positidimeofjap surface (described in Appendix
C). But as pointed out by Opsvik in (Opsvik 2010), thecrease in MESG found in
experiments with sandblasted gap surfaces, canrbsudt of increased gap opening, rather
then a effect of change in the flow regime throdlgh gap. This is because the distance
"shims" used for setting the gap opening can beeplaon peak of the roughness giving a
larger gap opening. But they can also be placec wlee roughness is low therefore the
uniformity of the gap opening is uncertain. The imaxmn pressure is slightly higher when the
gap opening with sandblasted gap surfaces is séetothe same as the MESG for the
undamaged opening. This can be a result of the iomatt uneven roughness of the gap
surfaces, or it can be a result from the fact ghadugher surface can make more resistance of
the flow of gas through the gap. The pressure huplanust be higher before the combustion
products can successfully flow through the gap antkr the external chamber. This can
therefore mean that the velocity and fluctuatiothef flow is of a higher order when the gases
are ejected into the external atmosphere. Slighidyer velocity reduces the time the hot
combustion products are inside the gap and hermctntie to be cooled down by the gap walls
decreases. Therefore the hot combustion gasesasa@nahhigher temperature when they are
ejected into the primary chamber, leading to retigm at a lower gap opening compared to
the MESG for undamaged surface. It is difficulgtee an absolute conclusion of the effect a
sandblasted gap surface will have upon the effoyiest the flame gap, due to the random
roughness on the gap surface.
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4.2.3 Results and discussion from experiments on ru sted flame gap
surfaces

Experiments with three gap surfaces that had @iffedegree of rust were performed. Two of
the gap surfaces were tested in the PRSA, andnotine iPCFA. The experiments with rusted
gap surface performed in the PCFA, are the resefisrted by (Opsvik 2010). The results
from these experiments are summarized in tabledeb4-6.The specifications for the rusted

gap surfaces can be found in Section 3.4.4.1 @bland Section 3.5.4.3 table 3-13 and 3.14.

4.2.3.1 Results

Table 4-5MESG values from experiments on rusted flame gdpcs in the different
apparatuses

Gap surface Ignition MESG MESG Undamaged

AEEICIE Configurations distance [mm] [mm] gap surface [mm]
PRSA |Rusted surface |1 14 0.83 0.98
PRSA |Rusted surface |2 14 0.82 0.98
PCFA |Rusted Circular 14 1.07 0.95
PCFA |Rusted Circular 0 1.00 0.95

Table 4-6Mean pressures obtained at MESG for rusted gafasas, pressure from rusted
gap surface at the same opening as MESG openingnftemaged gap surface.

Pressure

Apparatus Gap surface Mean pressure PLenSdS:rI;weaate'(\j/”sEuSr%c?r MESG

bp Configurations MESG [barg] 9 undamaged
[barg] b

[barg]
PRSA |Rusted surface [1 3.137 N/A 3.157
PRSA |Rusted surface 2 3.217 N/A 3.157
PCFA |Rusted circular 0.100 0.142 0.128

The results from the experiment with rusted surfecéhe plane circular flange apparatus
found by Opsvik in (Opsvik 2010) are quite surprggias shown in table 4-fHere was an
improvement of the gap efficiency with 12.6 % an8 % for 14 mm and O mm ignition
distance, compared to the undamaged gap surfate.thiad this was the only flange tested in
the PCFA that gave different MESG values as a reduhange in the ignition position from
14 mm to O mm from the entrance of the gap. Thesprising results was the reason for
testing two other rusted gap surfaces in the PRBI&,was done to see if the MESG value
increased in the same way in this apparatus whevad tested with a rusted flame gap
surface. From table 4-5 it is shown thiais was not the case in the PRSA. The two rustgd g
surfaces gave a reduction of the MESG value witl8 26 and 16.3 %. One of the gap
surfaces was sandblasted before it were put invadt and rusted, this gave the smallest
MESG value.

When tests with the two rusted slits were perfornmethe PRSA, it was observed that the
first test with a gap opening of 0.98 mm, whichithe MESG value for the undamaged gap
surface, did not give re-ignition in the secondemgmber for both of the rusted gap surfaces.
But after the first test it was observed that savhehe porous rust formation on the slit
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surface was blown of the slit surface. This canwenfithe pressure which "pushes” the hot
combustion gases through the gap and tears/blowustefrom the surface. This led to re-
ignition with the same opening as the first test] &ence the MESG decreased. Because of
the rust that were blown of the gap surface it fsas control measurement of the gap found
that the actual gap opening were larger than tirasshised for setting the gap after the first
experiment with these slits.

From table 4-6 it can be seen that the pressures Wie rusted surfaces tested in the PRSA
reaches its MESG value are approximately the santieeamaximum pressure at MESG value

for the undamaged surface in the PRSA. The pre$sutke same opening as the undamaged
MESG opening is not available for the rusted sw$am the PRSA; this is because the

surface was enlarged after the first explosion expnt, as described above.

The pressures obtained from the experiments oedugip surfaces in the PCFA show that
the pressure is 0.100 bar(g) when the MESG valueashed for this gap configuration, the

pressure at MESG for undamaged gap surface wa8 0dr2g). When the gap opening with

rusted gap surface was set to be the same as tlsGMBening for the undamaged surface
the pressure was 0.142 bar(g), compared with Obb2&)) at MESG for the undamaged gap
surface.

4.2.3.2 Discussion

The torque used for fastening the gap in the PRSAnly 20ctNm (see Section 3.5.1 and
Appendix A-2.4), in the PCFA the torque is 10 NnieTmotive for using a lower torque in
the PRSA was because of a suspicion that the gapirapin the PCFA may be smaller than
the distance "shims" used, due to the compressileoxide on the rusted surface, and that
this reduces the actual gap opening when the pyiclaamber is mounted and the bolts are
fastened with torque. This compression can explaé increase in MESG in the PCFA
because the gap opening actually is smaller tharvdlue reported after placing the distance
"shims" for setting the gap. This can also be arplh by taking into consideration that the
maximum explosion pressure for the rusted gap senfeas higher when the gap opening was
set to be the same as the MESG for the undamagedwgéace. But as discussed for the
sandblasted gap surface, it can also be a resutt ine increased roughness that gives larger
resistance in the gap opening for the flowing costibn products.

The experiments with rusted gap surfaces in theAP&®& not give an increase in the MESG
value as was the case for the experiments in tHeAPCThe difference in the MESG can
descend from the difference in the torque useddstening the gap opening. The distance
"shims" will not be compressed into the gap surfexcéhe same way as in the PCFA. The
results from the experiments on rusted gap surfacése PRSA showed that no re-ignition
occurred in the external chamber in the first t@isén the gap opening was the same as the
MESG opening for the undamaged gap surface. Thidiesthat for flame gap surfaces that
are rusted there is no danger for re-ignition lefosecond explosion in the primary chamber.
After the first test, the gap opening increasedabse the flow of combustion products
through the gap blew away some of the porous nush® gap surface.

More experiments are needed to be sure of thetetistwill have on the efficiency of flame

gaps of Ex "d" equipment. It would be interestingdb experiments on flame gap surfaces
with different degree of rust formation, in orderfind out how much rust formation a flame
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gap can have on the surface before this influetieeefficiency of the gap significantly, thus
constituting a danger for re-ignition in the extratmosphere. This work is being continued
at the University of Bergen. Experiments with gagaces that are set to a given gap opening
before they are introduced to a corrosive enviramnae being performed. This is more
realistic when comparing to how rust formation af 'H" equipment installed in the industry
will develop. The results from these experiment & presented in December 2010 by
(Solheim 2010).

From the experiments it is found that rust formmatad a flame gap surfaces poses a danger
first when the second explosion test is performadthe industry it is an extremely low
probability for this to happen with installed EX""equipment.

4.2.4 Results and discussion from experiments on Pl exiglas flame gap
surfaces

Flame gap surfaces made of the material PlexigtaBoby(methyl methacrylate) (PMMA)
was tested in the two different apparatuses. Thailtee from these experiments are
summarized in table 4-7 and 4-8. The specificatifumsthe Plexiglas gap surfaces can be
found in Section 3.4.4.1 table 3-6, and SectioMd32%able 3-12.

4241 Results

Table 4-7TMESG values from experiments on Plexiglas flamesgafaces in the different
apparatuses

Gap surface  Ignition MESG MESG Undamaged

AEEICIE Configurationsdistance[mm] [mm] gap surface [mm]
PRSA Plexi 14 0.98 0.98
PCFA Plexi 14 N/A 0.95

Table 4-8Mean pressures obtained at MESG for Plexiglas gafases, pressure from
Plexiglas surface at the same opening as MESG ogdar undamaged gap surface.

Pressure
Apparatus Gap surface Mean pressure P;gfil:]rsa?;g/liie MESG
P Configurations MESG [barg] 9 undamaged
surface [barg]
[barg]
PRSA Plexi 3.154 3.154 3.157
PCFA Plexi N/A N/A 0.128

As shown in table 4-the slit with Plexiglas gap surface gave equal MB&(ie as the slit
with undamaged gap surface in the PRSA.

When the flange with Plexiglas surface was mourethe PCFA it was discovered some
problems with the apparatus which lead to the natibn of the equipment (see Section
3.4.6). Plexiglas is a more bendable material astdas stiff a material as steel, the flanges
was observed to be pressed together when torqueiseaksfor assembling the flanges in the
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PCFA. Therefore the gap opening became much snibHerthe distance "shims" used to set
the gap opening, and the experiments gave invadith dor MESG determination with
Plexiglas surface in the PCFA.

As there was no change in the MESG for the gapasearf Plexiglas compared to the
undamaged gap surface, there was no change inesiidting explosion pressure obtained
from experiments on Plexiglas gap surface eithehasvn in table 4-8.

4.2.4.2 Discussion

Most Ex "d" equipment are metallic; usually casiniraluminium or formed steel. From the
literature there is no evidence that metallic cartdion is essential for the Ex "d" equipment
to function properly. Smith did in (Smith 1953)feeto the work of Staples who showed
experimentally that the MESG with bronze gaps madt equal to the MESG value obtained
from gaps made from Bakelite (a type of plasti€@splte the large differences in the thermal
properties of the two materials. This can be coepavith Redekers work in (Redeker 1981),
which showed that when the width of the flame gas wicreased above a given size2b
mm), the effectiveness of the flame gap was notessed. The results found from the
experiments in this thesis with Plexiglas gap si@$aare in accordance with the literature.
Therefore it is believed that the cooling of thentmstion gases in the gap is a secondary
parameter when considering the importance of theham@sms involved for preventing
transmission of an explosion through a narrow g@aghé external surroundings. This is also
further evidence for the assumption that the presand hence the velocity through the gap,
which increases the rate of entrainment of cooluamdd gas, is the parameter of greatest
importance for cooling of the hot combustion jet.
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4.2.5 Results and discussion from experiments onga  p surfaces with
crosswise grooves on the flame gap surfaces

Multiple crosswise grooves (see section 3.3) ofr2rd width and depth 3.0 mm were milled
into gap surfaces which in basis had the same fag@mns as the undamaged flame gap
surface. Gap surfaces which had approximatelydheesconfiguration are tested in the PCFA
and the PRSA. In the PCFA eigiptooves follow the circular slit around the surfdung do
not make a “channel” that perforates the slit ilatten to the direction of flow/reaction (see
figure 3-15 and 3.16 in Section 3.4.5). Approxinhatee same kind of gap configuration was
made on a slit used in the PRSA, seven grooves miled into this gap surface (see figure
3.31 and 3-32 in Section 3.5.4.4).

4251 Results

Table 4-9MESG values from experiments on flame gap surfatbscrosswise grooves in
the different apparatuses

Gap surface Ignition MESG MESG undamaged

AEEIEIE Configurations distance[mm] [mm] gap surface [mm]
PRSA PH-7.2.3 14 1.10 0.98
PCFA CH-8.2.3 14 1.14 0.95

Table 4-10Mean pressures obtained at MESG for gap surfactsmltiple crosswise
grooves, pressure from the same surfaces at the spening as MESG opening for
undamaged gap surface

¢ Pressure at MESG for SlEss e
Apparatus Gap sur gce Mean pressure undamaged
Configurations MESG [barqg]
surface[barg]
PRSA PH-7.2.3 4.209 4,331 3.157
PCFA CH-8.2.3 0.286 0.735 0.128

As shown in table 4-Slits with crosswise orientated grooves on the dayap surface had a
better ability to prevent re-ignition in the secand chamber than the undamaged gap
surfaces. Gap surfaces tested in both apparatasesagrelative large increase in the MESG
value. The slit tested in the PRSA gave an increasee MESG by 12.2%. In the PCFA the
increase was even larger, and gave an increas€&BGvbf 20% compared to the MESG for
undamaged gap surfaces.

From table 4-10 and figure 4-B,is shown that the pressure build up from thdasas with
crosswise grooves is significantly higher when carmpg with same gap opening for the
undamaged surfaces. The pressure development siahas similar for the undamaged and
the gap surface with seven crosswise grooves iigatst in the PRSA, shown in figure 4-5.
The pressure when the MESG value is reached is latgwer for the gap surfaces with
crosswise grooves, compared to the pressures fr@8®@/lopening for the undamaged gap
surface.
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Figure 4-5Pressure development with a gap opening of 0.98&marignition position Zi: 14
mm, the solid line shows the pressure build uafondamaged gap surface, and the dotted
line shows the pressure build up for a gap surfaith seven crosswise grooves (PH-7.2.3)
tested in the PRSA. Maximum pressure for gap seifat-7.2.3 is approximately 4.3 bar(g),
and for the undamaged gap surface approximatelypar{g)

An interesting observation was done when experismfmtfinding the gap opening that gave
100% re-ignition was performed in the PRS#r a gap opening that gave both re-ignition
and no re-ignition in the secondary chamber, ganmyg Y, = 1.14mm, ignition distance Z

14 mm, it was observed that the pressure buildnughe primary chamber was significantly
higher when no re-ignition in the secondary chanees initiated, shown in table 4-11.

Table 4-11Measurement data from experiments for finding tye gpening that gave 100%
re-ignition. Note the significant rise in presswvlen no re-ignition in the secondary
chamber was observed, compared to the pressures rghignition in the secondary chamber
was initiated

Date: 09.12-16.12.2009
Surface configuration:

Re-
ignition

Pmax [barg]

1.14 14 3.977 Yes
1.14 14 4.018 Yes
1.14 14 3.972 Yes
1.14 14 3.908 Yes
1.14 14 3.906 Yes
1.14 14 N/A Yes
1.14 14 N/A Yes
1.14 14 3.977 Yes
1.14 14 4.598 No

The same effect was also observed for the gapceu@al-8.2.3 tested in the PCFA, but the
difference in the pressure was not as significartha one found in the PRSA.
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4.25.2 Discussion

The experiments with multiple crosswise grooveshanflame gap surfaces gave a significant
increase in the MESG compared to undamaged flapegdaces. From the results it can be
seen that the maximum pressure build up is largeenwthe gap surfaces with crosswise
grooves are tested. This indicates that it is mmesestance on the flowing gases through the
gap, and the pressure is larger before the gasegjected through the gap and into the
external chamber. As discussed in Section 4.2ifl..B3, assumed that the first jet of hot
combustion gases is the one most favourable fagnigon in the external chamber. From
figure 4-5 it can be seen that the pressure rigbanstart of the explosion is similar for the
undamaged gap surface and the gap surface with seveswise grooves (PH-7.2.3) tested in
the PRSA. After about 15 ms the pressure rise {({lpdd the PH-7.2.3 gap surface exceeds
the pressure rise for the undamaged gap surfacetien assumed that the flame front has
reached the entrance of the gap, and gets "quehchethe gap. The first jet of hot
combustion products are being "pushed” out thrabhghgap opening, because there is more
resistance in the gap from the crosswise groouVes, gressure increases more in the
experiments with the gap surface with crosswiseges. The first jet in the experiments with
gap surfaces with crosswise grooves will therefmreejected at a higher pressure and hence
higher velocity compared to the first jet in thgpekments with undamaged gap surfaces.

The reason for the increase in MESG for gap susfagth crosswise grooves is in accordance
with the literature reviewed in chapter 2. Evenudjio there isn't found any literature that
describes experimental testing of the effect déiférgap surface configurations will have
upon the re-ignition phenomena by a hot combusjein It can be correlated with the
experiments done on quenching distance by (Balidl laefebvre 1977) and the work from
(Thibault, Liu et al. 1982). Both pointed out thatreased pressure, velocity and turbulence
intensity gives a higher quenching distance andimmim ignition energy. This is also
supported by the Phillips theory discussed in adra@t and figure 2-13 from (H.Phillips
1988) which show that the MESG increases with are@se in initial pressure. The Schlieren
and OH-PLIF images shown in figure 2-26 and 2+&mf(Sadanandan, Markus et al. 2009)
visualized the effect higher velocity of hot comtimis products will have upon the rate of
"cooling" by mixing and entrainment with the "coldihburned gas. This creates a flow
regime that is less favourable for re-ignitiontoé gas in the external chamber. The crosswise
grooves will have the same effect upon the flowaasinitial increase in pressure and
turbulence.

Let us consider the effect these crosswise groaiésiave on the flow before and after the
first jet of combustion products is ejected throtigé gap and into the external chamber, and
the effect this will have upon the re-ignition detexplosive gas atmosphere in the external
chamber. When the explosion is initiated in themary chamber, the flame front starts to
propagate towards the walls and the entrance ofjdpen the primary chamber. This creates
a pressure front which will create movement induhburned gas and start to "push” unburned
gas through the gap with crosswise grooves. Thesevgs will create fluctuations and
turbulence in the flow of the unburned gas whely e "pushed" through the gap and meet
the external mixture. This means that there isadlyecreated a turbulent state in the external
chamber before the first jet of hot combustion gaiseejected into the external chamber.
When the flame front reaches the gap opening ingiee primary chamber and gets
"guenched", the pressure is higher than for an mad@d surface as discussed above, and the
grooves create turbulence of the flow of hot conibasproducts which then is ejected into
the already turbulent unburned gas. This gives tesean efficient cooling of the hot
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combustion jet by entrainment and mixing with coltburned gas, and the heat generation by
the reaction of hot gas with unburned gas is tavsto counteract the heat loss from
entrainment and mixing with the unburned gas. Witinenjet moves further away from the
gap opening the velocity and turbulence will desegabut the jet has already become so
deformed and its energy so dissipated that theaimenl mixture never reaches the
temperature necessary for ignition. Therefore tHeSK3 is increased for gap surfaces with
crosswise grooves, to get re-ignition of the exdegas atmosphere, the gap opening has to be
increased to a gap opening so large that the gpgesa low enough velocity and turbulence
intensity which decreases the rate of cooling byimgi and entrainment of the hot jet of
combustion products. When the velocity is decredbedheat transfer to the gap increases
because the time the gas is inside the gap isasetk

The above suggested theory is only based on theemde the crosswise grooves is thought to
have on the flow through the gap, found from litera review on the subject. Due to the lack
of relevant theory of the influence of gap surfateicture on the re-ignition phenomena,
more experiments should be done where the flonwutiirahe gap is visualized for example by
use of Schlieren and OH-LIF images, as used byai&atian, Markus et al. 2009), discussed
in Section 2.4.7. First then a final quantitatieaclusion of how the crosswise grooves affect
the flow and re-ignition by hot combustion jets ¢angiven. Experiments where the effect by
crosswise grooves is examined by use of high spastra and temperature measurements,
is in progress at the University of Bergen, and i submitted in December by (Solheim
2010).

From the experiments and from the literature reeigwt is shown that crosswise grooves that
do not perforate the gap in the direction of floause the gap to be less efficient. In fact
crosswise grooves create a flow regime out fronfleree gap that reduces the probability for
re-ignition of the external atmosphere and makegytp more efficient. These results may be
used for designing safer Ex "d" equipment, and wdmrsidering what kind of damage of the
flame gap that constitute a danger for the intggoit the equipment. As mentioned above
more experiments are needed to reach a final csiodult can furthermore be the case that if
crosswise grooves without the same width and dergtapplied on the gap surface, they can
in fact create a flow regime that will be more faxable for re-ignition, because the
turbulence and velocity is decreased with less ifsoggmt grooves. This work is being
continued at the University of Bergen and is tgphesented in December by (Solheim 2010).
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4.2.6 Results and discussion from experiments on sl its with lengthwise
grooves on the flame gap surfaces

Multiple lengthwise grooves (see Section 3.3) 6frhm width and depth 4.0 mm were milled

into gap surfaces which in basis had the same fag@mns as the undamaged flame gap
surface. Gap surfaces which had approximately #mesconfiguration were tested in the
PRSA and the MPCFA. These gap surfaces are deddntsetail in Section 3.4.7, table 3-9,

figure 3-19 and 3-20, and Section 3.5.4.4, tablé 3figure 3-33 and 3-34.

426.1 Results

Table 4-12MESG values from experiments on flame gap surfadeédengthwise grooves in
the different apparatuses

Gap surface Ignition MESG MESG undamaged

AFIPEIEIIE Configurations distance[mm] [mm] gap surface [mm]
PRSA PV-10.1.4 14 1.12 0.98
MPCFA CV-20.1.4 14 0.93 0.91

Table 4-13Mean pressures obtained at MESG for gap surfacdsmiltiple lengthwise
grooves, pressure from the same surfaces at the spening as MESG opening for
undamaged gap surface.

Pressure
Gap surface Mean pressure PN Bl 1=ty MESG
Apparatus ) ; for undamaged
Configurations MESG [barg] undamaged
surface [barg] [barg]
PRSA PV-10.1.4 1.783 1.837 3.157
MPCFA CVv-20.1.4 0.118 N/A 0.128

As shown in table 4-12heslits with lengthwise orientated grooves on thenlagap surface
examined in the present work, had a better abibtyprevent re-ignition in the secondary
chamber than the undamaged gap surfaces. Gap estizsted in both apparatuses gave an
increase in the MESG value compared to the MES@evédr the undamaged gap surface.
The gap surface tested in the PRSA gave an incidd&SG by 14.3%. In the MPCFA the
increase was 2.2%. It should be pointed out thatGW-20.1.4 slit is compared with the
undamaged slit tested in the MPCFA.

Gap surfaces with lengthwise grooves increasesdhtlation area of the gap, this is verified

by the results from pressure measurements in thepy chamber, shown in table 4-13. The
pressure build up is significantly lower in the PR&hen the gap opening is set to be the
same as the MESG opening for the undamaged gagcsurfhe pressure when the MESG
value is reached for these surfaces is also loapared to the pressure obtained at MESG
for undamaged gap surface.
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4.2.6.2 Discussion

Lengthwise grooves (see Section 3.3) that perfdheteyaps through the whole gap-width are
the kinds of damage thought to be most criticaklierefficiency of a flame gap. Results from

single lengthwise grooves discussed in Sectiorb4showed that lengthwise grooves had to
have a width as large as 3 mm before they stant@uflience the efficiency of the flame gap

in a negative way. No decrease in the MESG wasdioumen the grooves were 1 mm wide

and 4mm deep. Experiments with multiple lengthwggeoves were performed to see if

grooves with these dimensions would affect thecefficy of the flame gap if a large number
of these grooves were applied on the gap surfacen Fhe results reported above it can be
seen that this was not the case.

The results show that these grooves influence ltve through the gap in another way than
crosswise grooves. The maximum pressure is lowehenPRSA because there is a larger
venting area for the combustion products. This cedithe velocity of the gases through the
gap; in this case it gave an increase in the ME&IGev It can be a result of the increased time
the hot combustion products are inside the narrapt §he heat transfer from the hot gas to
the gap walls can cause the hot jet to be moreedoddwn, before the jet is ejected into the
external chamber, compared with the undamagedg#gcs. But as discussed earlier it is not
believed that the "cooling” in the gap is of a hgder, and therefore this theory is not in
accordance with the literature and the theory dised for the other surface configurations in
this thesis. The rate of cooling by entrainment anxing will decrease because the velocity
through the gap and into the external atmospherde@eased, this should decrease the
MESG. The grooves are only 1 mm wide which is alntbe same as the MESG for the
PRSA which is 0.98 mm for undamaged gap surfabesigason for the increase of MESG in
the PRSA can arise from turbulence formation frdre grooves, despite the decreased
pressure and velocity through the gap.

The change in MESG with gap surfaces with lengtbvggooves was only significant in the
PRSA. In the MPCFA the MESG was almost equal toNESG for the undamaged gap
surface. The reason for this is thought to be bee#lue venting area in the MPCFA already is
large with undamaged gap surface. The pressurealm@st equal for the undamaged gap
surface and for the gap surface with lengthwis@ggs, this indicates that the velocity of the
gas through the gap is almost equal and hence EeGW\alue is equal. This shows that there
most likely is not an increased heat transfer e ghp, even though the gap surface area is
increased by the grooves. This again underpingdaittethat "cooling” of the hot combustion
products in the gap is only of second order impugawhen considering which mechanisms
that has the largest effect on reducing the tentperain the hot combustion gases and
preventing re-ignition outside the flame proof @scire. The dominant mechanism is the rate
of "cooling” by mixing and entrainment with "coldhburned gas outside the gap. Hence the
velocity and turbulence through the gap into thieral mixture is the dominant parameter.

Despite the insufficient explanation of why the ME# the PRSA increased for gap surfaces
with multiple lengthwise grooves, the results iradé that single grooves that do not
constitute a danger for reducing the efficiencyhaf gap do not constitute a danger even if a
large number of these grooves are applied on the ga
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4.3 Results and discussion from experiments with si ngle
lengthwise grooves performed in the PRSA

A total of eleven different slits with single graes/ with different width and depth that
perforates the slit lengthwise (see Section 3.3glation to the flow direction is examined in
the PRSA. The slits had in basis the same quality @ughness as the undamaged gap
surface before applying the grooves. In table 4&fdoverview of the MESG values found
from experiments on slits with single lengthwiseayes on the gap surface with different
width and depth that perforates the slit in thection of flow is listed (see Section 3.5.4.5 for
specifications of the gap surfaces with single fewgse grooves).

4.3.1 Results

Table 4-140verview of the MESG values found on slits witlglsigrooves with different
width and depth that perforates the slit lengthwiseelation to the direction of flow.
Experiments in the PRSA

: MESG
Apparatus Name DepthWidth 14 mm

PRSA 1.4 4 1 1.01
PRSA 201 0.1 2 0.97
PRSA 202 0.2 2 0.95
PRSA 2.05 05 2 0.95
PRSA 2.1 1 2 0.95
PRSA 3.01] 0.1 3 0.95
PRSA 3.02] 0.2 3 0.88
PRSA 3.05| 05 3 0.88
PRSA 3.1 1 3 0.4
PRSA 401 0.1 4 0.93
PRSA 4.05] 0.5 4 0.63

The results are also presented in figure 4.6, ilustrated how larger depth of the grooves
affect the MESG value with a given width of the gre. Note that there is a slight

improvement in the MESG for slit 1.4, which hasraaye with width of 1mm and depth of

4mm. This is the largest depth tested. For groovigs width 2mm there is a small decrease
in the MESG from 0.98 to 0.97 mm when the deptB.ls mm, and to 0.95 mm when the
depth is 0.2, 0.5, and 1mm. When the width of theoge is increased to 3mm the MESG
value decreased more rapidly, when the depth oftbeve was increased. For grooves with
groove width 4mm a significant decrease was fouhdmthe depth was increased to 0.5mm.
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Change in MESG due to change in width and depth of grooves

1.171.01
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Figure 4-6Change in MESG due to change in width and dep#iingie lengthwise grooves
in the flow direction through the whole gap length

Discussion

The results indicate that the width and depth ef ghoove determines whether a groove is
"dangerous”, which may negatively influence theicefhcy of the flame gap in Ex "d"
equipment. It is found that the grooves must hawedéh of 3mm and a depth of 1 mm before
single lengthwise grooves in the midpoint of thp gaves a significant decrease of the MESG
and hence of the efficiency of the gap. For groovgk widths and depths bellow this size,
the grooves are not large enough to create jdistofombustion products with enough energy
and high enough temperatures to ignite the gafenekternal chamber. The combustion
products are cooled down inside the gap with tmeesafficiency as for the undamaged gap
surface, and are ejected into the external chamiterequal velocities and flow conditions.

When the width of the groove is increased to 3 rhengroove approaches a size which is so
large that the small volume of gas that is "pushbdiugh just in the "channel" made by the
groove, reaches a condition which has large encerggrgy and temperature, to create
conditions more favourable for re-ignition. The og of the hot combustion products is

reduced just in the groove “"channel® and the vgloof the hot combustion gases are
decreased and the MESG and efficiency of the gegdisced.

From these experiments it is shown that singletlesmige grooves have to be relatively large
to influence the efficiency of the flame gap in EX' equipment. This can be used when
considering what kind of damage of the flame galange enough to constitute a danger for
the integrity of the equipment.

The reason for not testing grooves with larger kiephan 1 mm for grooves with width 2-4
mm is from the assumption that larger grooves tdikely to occur on Ex "d" equipment.
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5 Conclusions

1. International standards (IEC) require that the agempermissible roughness of any flame
gap surface in flameproof electrical apparatusestbde < 6.3um. The standards also
require that any damaged joint surface has to s@ned to this quality, but they do not
provide any guidance as to what level of damageoissidered significant. As a result
even minor mechanical or corrosive damage of flarath surfaces calls for expensive
overhaul and repair. This is mandatory despitef#lce that a generous safety factor is
included in the requirements to maximum permissdae widths. For example, for the
plane-flange configuration and explosive gas (pnepaised in the present investigation,
the maximum permissible width in a flameproof appas is only 0.4 mm, whereas the
real limiting value (MESG) is 0.92 mm.

2. Normally the purpose of MESG experiments is to caragMESGs of different gases and
vapours, using the same smooth flame gap surfaedl Experiments. However, in the
present investigation MESG has been used as a ptafor judging whether a given
type of damage of the gap surface had any notieezftdct on the ability of the flame gap
to prevent flame transmission. Hence, a signifiaaaduction of MESG compared with
that obtained with a standard undamaged surfacédwoaan that the particular type of
damage under test had destroyed the gap efficismgryficantly. On the other hand a
significant increase of MESG compared with thattfer undamaged surface would mean
the damage had in fact significantly increasedytdye efficiency.

3. In the experiments performed in the present woekrnixed 4.2 vol. % propane in air was
used as the test gas mixture in all the experimdie different apparatuses were used,
viz. a plane circular-flange apparatus (PCFA) anglane rectangular-slit apparatus
(PRSA). The flame gap surfaces were damaged mexignby milling grooves of
various depths and widths, either lengthwise os®nase in relation to the flow direction
of the gas through the gap. In one test seriegdpesurface (steel) was exposed to severe
outdoor rusting before being exposed to explosigeements. In another test series the
steel surface was sandblasted. In one test safesugfaces of Plexiglas were tested.

4. It was important to make sure that the MESG resulése obtained at worst-case
conditions. Therefore, since MESG obtained with\eerg apparatus depends strongly on
the distance between the ignition point in the prynchamber and the flame gap
entrance, the optimal distance for re-ignition tate determined. An optimal distance of
14 mm had been confirmed experimentally for the RG¥ Opsvik (2010). In the present
investigation a similar study was undertaken fer BRSA, and it was found that even for
this apparatus 14 mm was the optimal distanceldond transmission. Consequently this
distance was used in all the experiments also thelPRSA.

5. Three main series of experiments were conducted, avifirst series using the plane
circular-flange apparatus (PCFA), a second seffiesnalar experiments using the plane
rectangular-slit apparatus (PRSA), and finally mdtlseries using the PRSA only. The
findings from the three series were as follows (timelerlying reasons for the various
findings are discussed in Chapter 4:
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* For undamaged gap surfaces (< 6.3 um) experimentseiPCFA gave an MESG of
0.95 mm, whereas experiments in the PRSA gave 0198 i.e. the two values were
close to identical.

» For sandblasted gaps with twice the allowed averagghness, MESG was 0.91 mm
with the PCFA and 0.93 with the PRSA. These resarksonly marginally lower than
those obtained with the undamaged surfaces.

* For rusted gaps in the PCFA Opsvik (2010) had fotimat the rust formation
increased MESG to 1.00 — 1.07 mm and hence imprtheedap performance slightly.
In the present investigation with the PRSA a reidncof MESG to 0.82 — 0.83 mm
was found. Further experiments to resolve this lguaee in progress at the University
of Bergen.

* In the single test series with undamaged Plexigégssurface (< 6.3 um) it was found
that MESG was identical with that obtained with am@&ged steel surfaces.

* With multiple parallel crosswise rectangular gro®wailled into one of the two
surfaces of the gap there was in fact a significemprovement of the gap
performance. Hence, in the PCFA MESG increased icd8 mm for the undamaged
gap to 1.14 mm for the gap with grooves. For th&sRRhe corresponding figures
were 0.98 mm and 1.10 mm.

* For multiple lengthwise milled rectangular groowé#sl mm width and depth 4 mm a
slight improvement of the gap performance was fofgtight increase in MESG) with
both the PCFA and the PRSA.

* For single lengthwise grooves located in the miduflehe gap a groove width of 1
mm had no influence on the gap performance evdmavgroove depth of 4 mm. With
groove widths from 3 mm and upwards a gradual recluof the gap performance
with increasing width was found. The extent of thésluction increased with the
groove depth in the investigated range 0.1 to In@ m

. The overall conclusion from this investigation &t even very significant mechanical
damage of surfaces of flame gaps in flameproof igps does not reduce the gap
efficiency. In fact, in some cases significant ioygment was observed. This in particular
applies to crosswise grooves (e.g. accidental dwea). It is expected that these findings
may trigger a discussion of possible revisions atiamal and international standards for
both design and maintenance of flameproof enclesure
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6 Recommendations for further work

The experimental investigations in the presentishbave successfully showed the effect
some different damages of the flame gap surfacExofd" equipment will have upon the
efficiency of the gap. Both verification experimem@nd experiments with other damages are
needed to be able to provide final quantitativectasions. Suggestion for further work is
listed below.

- Establish systems which can quantify the diffeartditions outside the gap exit
created by the different flame gap configurationgestigated in this thesis, e.qg.:
velocity measurements, turbulence measurementig@&rhsystem, high speed
camera, high speed laser-induced fluorescence (l&yes of the hydroxyl-radical
(OH), temperature measurements etc.

- More experiments are needed on gap surfaces witovgs. The experiments
performed in this thesis with crosswise grooveshenflame gap surfaces are grooves
with a relative large depth. Experiments with cmass grooves which have a smaller
depth would be useful, when considering that thgge®ves will create less initial
turbulence, and maybe create conditions outsidgaipeopening more favourable for
re-ignition than the large crosswise grooves.

- For the single lengthwise grooves it is only dorpegiments with single grooves in
the midpoint of the slit surface. Experiments wsthgle lengthwise grooves on other
positions on the slit, and how these grooves imites the gap efficiency would be
useful. This can be used to give guidance of thgrede of damage and
grooves/scratches that is critical for the efficignf a flame gap in Ex "d" equipment,
and damage that are not.

- Other damage of the gap surface should be testgdexperiments with lengthwise
grooves turned with different angels, shown in feg@-1.

Groove

/

Figure 6-1lllustration of a single groove milled into a gapri&aces with a given angle.

- Experiments with single lengthwise grooves in ti#=R could be performed, to
compare the results found with single lengthwismges in the PRSA.

- Investigate the effect of different dusts inside tlame gap, and the influence the dust
will have upon re-ignition of the external atmosgghe
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Experiments with damage of flame gaps of commeesiallable Ex "d" equipment, to
verify the results found in the apparatuses desigmel built at the University of
Bergen.

Further investigation of rusted flame gap surfaseweded.

Investigate the effect obstructions just outsideftame gap will have on re-ignition of
the external atmosphere.

Numerical simulations on explosion transmissiotigh narrow gaps, and re-ignition
by hot combustion jets.

Experiments with more reactive gases, in the pteserk it is only done experiments
with 4.2 vol. % Propane in air

A new gas analyzer is bought for the gas laboradbtize University of Bergen, this is
a more accurate system, and the composition ajdbemixture will be more accurate,
experiments should be carried out with this newigggent. Further modification of
the experimental apparatuses could also be domeake them more realistic
compared to commercial available Ex "d" enclosures.

A large number of experimental data is obtainechftbe work with the present thesis;
these results could be further investigated ancudesed.
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Appendix A — Experimental apparatuses and
procedures

A.1 Equipment list

Table A-1-1 Equipment list

Equipment Type

Gas Analyzer Servomex 1400B4 SPX

Computer Dell Latitude D630
DAQ NI USB 6009
Pressure Kistler 701A
Transducer

Charge Kistler 5073
Amplifier

Test gas Propane (99.95 %)

Calibration gas 5 % propane, Nitrogen (95%)
Spark Generator] Taylor made. Se appendix A.]

1A

Roughness Mitutoyo SJ-400

analyzer

Roguhness Diavite DH-5

analyzer

Experimental Plane Circular Flange Apparatus
Apparatus

Experimental Plane Rectangular Slit Apparatus
Apparatus

A.2 Experimental Procedures

A 2.1 Adjusting Procedure - gap opening in the Plan e Circular Flange
Apparatus

From (Opsvik 2010)

1 Remove the primary chamber from the secondary cbaimploosing the disparate
cables and gas supply

2 Dismount the two flanges which the primary chandwmarsists of - by loosen the
connecting nuts and screws



3 Clean the flange surfaces with a suitable solvadtasoft rag
4 Locate the calibration plates (4 pieces) as indatait the drawing and photo
underneath

Figure A-2.1aDrawing of Figure A-2.1bPicture of abaratus

apparatus flange (flame path) with flange (flame path) with the distance
the distance "shims" in correct "shims" in correct position
position

5 Assembly the two flanges and gain a centric localip using the special made gauge
tool while tightening up the bolts. Centricity mportant when it comes to ascertain
the characteristic criterion connected to the ajgmant flange setup. The pictures and
sketch below shows the centricity tool



> N

% N
Figure A-2.2a.Section drawing of the Figure A-2.2b Photo of the assembly
assembly centring tool centring tool

6 To ensure the same applied forces for each openipgfiment (provide
reproducibility) the bolts where mounted with agioe set to 10 Nm

In general the opening is to be adjusted in step3,® mm adjusted by means of distance
plates. When identifying the MESG the incrementsavget to 0,01 mm.

Figure A-2.3 Distance plates used to adjust the gap betweefiaimee paths

When changing the flanges on the primary chambes p&this procedure may be used.
After the experimental apparatus is dismountedepéceable flanges can be exchanged
by loosing the four Allen screws in the upper pan the tree Allen screws in the lower
part

A 2.2 Experimental procedure - The Plane Circular F  lange Apparatus
(PCFA)

From (Opsvik 2010)

After the gas analyzer is calibrated it has to weqred in the period the experiments is been
performed. A power off situation requires a newlration. When starting the gas analyzer in



the morning, or after a longer brake, it's not nead;, but prudent, to perform a zero point
calibration, ref. point A.2.6 - Setting the zero.

The reference values in the procedure, with redpetdw, are based on experiences with a
gas concentration of 4,2 % propane in air.

With reference to the schematic in Figure A-2.4ftlil®wing steps has to be accomplished:

1.) Install the plastic membrane on the top of the eqipa
2.) Turn on the spark generator

3.) Open utility valves (1, 2, 3 and 4). Close evacuptralve (7) and ensure that the 3
way valve (8) is in supply position

4.) Open the valve for air supply (5). Air pressuretsd,5 barg
5.) Start the gas analyzer pump
6.) Open the valve for the gas supply (6). Gas pressetrto 0,5 barg

7.) Adjust the air and gas flow preliminary to 75% drf? respectively on the analyzers
flow meters

8.) Maximum gas flow is 1000 ml/minute

9.) Monitor the gas concentration level on inlet antdledudrom the apparatus, and adjust
up/down on the air supply to achieve 4,2 % propanair. Allow the analyzer to
stabilize at least 60 seconds before reading oasarements

10.) When the gas concentration level on the outletheaset point, start monitoring the
gas concentration on the inlet of the experimeatglaratus. Open the evacuating
valve (7) and set the 3 way valve (8) to monita ¢lutlet. Close the utility valves (1,
2,3 and 4)

11.) Secure the area

12.) Wear ear protection

13.) Activate the Labview program

14.) Store the measurements by means of specifyingrafihe in Labview

15.) Flush with air prior to new experiments

16.) When the experiments are completed remember te thesgas- (6) and air supply (5)
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Figure A-2.4 The PCFA with appurtenant tubing
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A 2.3 Checklist

From (Opsvik 2010)

In Table A-2, a checklist for experiments in theH2Gand PRSA is showed. This checklist is
a tool for remembering the most important thinggemns of safety and measurements when
performing experiments.

Table A-2.1Checklist for the experimental procedure for expenmts in the experimental
apparatus

What to check \

Spark generator on

Data acquisition system is turned on

Valves in correct position

Secure area

Ear Protection

Activate experiment

Measurement data saved with a proper address landriie

Check test area after secondary explosions

Vil



A 2.4 Adjusting Procedure - gap opening in the PRSA

1. Remove the external chamber, by turning the whioderiber counter clockwise.
2.
3. Locate the distance "shims" in both sides throinghgap (shown in figure), make sure

Remove the top of the primary chamber where thadlgap is located.

that the distance "shims" are through the wholewgalth, to ensure uniform gap
opening.

Fasten the two screws in the top of the gap (shaviigure A-2.5a and b), with a
torque of 20 cNM.

Fasten the four screws at the start of the gap avittrque of 20 cNm (shown in figure
A-2.6a and b).

Fasten the six screws on the bottom of the gap avithque of 1 Nm.

————[B Torque
| — — 17 20 cNm
A | 1] Torque
@ ————B 20 cNm

Figure A-2.5aPhotograph of the upper part Figure A-2.5b Drawing of the clamp in the

of the flame gap in the PRSA, with distanceupper part of the flame gap, with the two
"shims" placed, the gap is fastened with a screws that must be fastened with a torque of
small torque applied on the screws seen in 20 cNM

the photograph
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Torque Torque
20 cNM 20 cNM

Figure A-2.6aPhotograph of the lower part Figure A-2.6b Drawing of the lower part of
of the flame gap in the PRSA, this is the parthe flame gap inside the primary chamber of
which is inside the primary chamber. The the PRSA. The drawing shows where the
numbers 1-4 on the photograph is the screwscrews clamp the gap together on the
which are tightened with the same torque asposition where the distance "shims" are

the screws in the upper part of the flame gapocated

ensuring a uniform gap opening over the

whole width of the gap. On the sides of the

flame gap the distance "shims" can be seen



A 2.5 Experimental procedure — The Plane Rectangula r Slit Apparatus
(PRSA)

After the gas analyzer is calibrated it has to wered in the period the experiments is been
performed. A power off situation requires a newlrakion. When starting the gas analyzer in
the morning, or after a longer brake, it's not nead;, but prudent, to perform a zero point
calibration, ref. point A.2.6 - Setting the zero.

The reference values in the procedure, with redpetdw, are based on experiences with a
gas concentration of 4.2 % propane in air.

With reference to the schematic in Figure A-2.7ftllwing steps has to be accomplished:

1.) Install the plastic membrane on the top of the egipa.
2.) Turn on the spark generator.

3.) Open utility valves (1, 2, 4 and 5). Close evaatialve (7) and ensure that the 3
way valve (8) is in supply position. Service va@ shall be closed at all times
during the experiments.

4.) Open the valve for air supply (9). Air pressuretedd,5 barg.
5.) Start the gas analyzer pump.
6.) Open the valve for the gas supply (10). Gas pressefrto 0,5 barg.

7.) Adjust the air and gas flow preliminary to 75% ah8% respectively on the
analyzers flow meters.

8.) Maximum gas flow is 1000 ml/minute.

9.) Monitor the gas concentration level on inlet antdeidrom the apparatus, and adjust
up/down on the air supply to achieve 4,2 % propanair. Allow the analyzer to
stabilize at least 60 seconds before reading oasorements.

10.) When the gas concentration level on the outlethesset point, start monitoring the
gas concentration on the inlet of the experimeapgaratus. Open the evacuating
valve (7) and set the 3 way valve (8) to monita tlutlet. Close the utility valves
(1, 2,4 and 5).

11.) Secure the area.

12.) Wear ear protection.

13.) Activate the Labview program.

14.) Store the measurements by means of specifyingmaihe in Labview.

15.) Flush with air prior to new experiments.

16.) When the experiments are completed remember te thesgas- (10) and air supply

9).
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A 2.6 Calibration procedure - Gas Analyzer

From (Opsvik 2010)

o @ e 1 o
© 7 / © @ Digit Display
/Servomex/ / @ Range label
’J 7 ® Range Indicator
/0.0 ’ : °
- £° 9 @ Range selection switch

@( @ ® Instrument status indicator

STATUS _,,_.-/’// i i i
G;m ® Sample fl9w failure indicator
P @ Span setting control (2)

Span setting control (1)
Gas l\nulyser \ @ Zero calibration

\\@ % V)

Figure A-2.7 Servomex 1410 B - Infrared Gas Analyzer

\

23 52
f

Brnosnfh

ALARM RIS3LAY

@)\

For optimum accuracy allow a minimum of four hofrmsm power on for the monitor to
stabilise before performing a calibration.

When connecting the calibration gases allow att lé@seconds for the internal pipe work and
cell to flush out completely before making adjustitseto the calibration. The analyzer should
be calibrated at the temperature at which it wokbi@ate.

Servomex recommendations with respect to calibmatiervals:
Weekly: Check Zero
Monthly: Check Zero and span. Adjust as necessary

Setting the Zero

) Open the air supply valve. Adjust air pressure {6 Parg and flow to 1,0
litre/minute
i) Ensure that gas supply valve is closed

iii) Start pump. Allow operation for approximately twanotes

iv) Adjust display to 0,00 - if necessary. Use the Zslibration potentiometer in the
front of the analyzer, indicated as numb@r in figure A-4.2.1. Turning the
potentiometer clockwise gives a increase in thpldjsand vice versa

Setting the span
) Close the air supply

i) Open the calibration gas supply. The calibratios gansists of 5% propane and
95% Nitrogen
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i) Adjust gas pressure to 0,5 barg and flow to 1/htreute

iv) Adjust display to 5,00% - if necessary. Use thenSgalibration potentiometer in
the front of the analyzer, indicated as numf@eiin figure A-4.2.1. Turning the
potentiometer clockwise gives a increase in thpldjsand vice versa

The span potentiometer to the right is only in ifisesecond span gas is introduced. The
method would be precisely the same as describpdintiv) above.

Calibration gas Propane Al
Gauge <::}4— 44{::) Gauge 44{::) Gauge
Flowmeter H Flowmeter

Electric
pump

4 % Flowmeter }i

Servomex
1400

v A v

To experimental apparatus To/from ventilating closet

Figure A-2.8 Servomex 1410 B - Infrared Gas Analyzer with agmant pipe work and
fixtures
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A 2.7 Data Acquisition System
From (Opsvik 2010)

A simplified user guide for the Labview program for running the experiment

A program was made, based on Labview, in ordeunicie experiment. In the front panel of
the program, shown in Figure A-2.9 and A-2.10,ekperiments it's getting controlled. In the
block diagram, shown in the same figure, input/ats#ghannel settings can be chosen by the
use of the data acquisition (DAQ) assistants. Twvate the experiment, press the arrow
button in the upper left corner of the front pardter every experiment it is important that
the file name for the logging file is saved. Ttaglbne via the file path dialog box.

B Getting Started o =10 x|

Eile_gpaabe.- Iools Help

E LabVIEw Licensed for Professional Version

New New To LabVIEW?
) Blank I Getting Started with LabVIEW
&) Empty Project Lab¥IEW Fundamentals
-
) VIfrom Template... Guide to LabVIEW Documentation
=3 More...
e J Lab¥IEW Help
Upgrading Lab¥IEW?
Open
LabWIEW Project Enhancements
. Lﬂ program_HEZO.vi
[ FaT 8.2v HeegnaL ¥l
B rary | Chooss comrect sampling program Corwditional Terminals in For Loops
| stepmotor.vi List of All New Features
= Ballong.vi Web Resources
= 20 lteren.vi

Discussion Forums
=) SubFat (SubVI).vi

Training Courses
=l Frekvensméler.vi

s, Frekvenspretrigg.vi LabWIEW Zone
g) DAQmx Create Channel (CI-Frequency).vi Examples
&3 Browse... J Q, Find Examples...
J

Figure A-2.9Initial Labview dialog box
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Figure A-2.10Main Labview dialog box
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Appendix B — Spark Generator

From (Kalvatn 2009)

An electric spark generator has been made forrpiadiry experiments for both this project
and others e.g. the modified balloon experimentvéier, it did not generate enough energy
to ignite pure dust clouds and was therefore osfduor gas mixtures and hybrid mixtures
with gas and dust. The energy generated has baeratsd at around 50 mJ. Figure A-3
shows the schematic for the generator. The paislshown in Table B-1 The electronics of
the generator is built into a cabinet with the 25 x 20 x 11 cm (L x W x H) and a handle
on the top. The electrical circuit board within 8ark generator has been made at the UiB.
The basic principle of the generator is to disckagapacitor that has been loaded by
electricity from the regular power net. Either gyattve or a positive flank of voltage can
manually, or externally trigger the spark generaitre desired setting is chosen on the front
panel of the spark generator. The possibility tiemally trigger the spark discharge makes it
easy to trigger the spark from a computer, thisiihplemented in the Labview program for
running the FAT experiment. Figure B-1 below shakesinner parts of the generator.

Figure B-1 Inner parts of the electric spark generator
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Table B-1Part list for spark generator

Part

c3
cé
9
C10
D1
D2
D3
D4
D5
LED1
LEDZ2
oK1
Ql
R1
RZ
R4
RS
Rb6
R7
RS
RO
R10
R11
R12
R13
R14
T2
Us1l
Bl
B2
C1l
C2
c4
C5
c7
C8
D6
D7
F2
Ra
Rb
Rc
TR1
coil

value

1u/500v
2.2u
0.1u
0.1u
IN4004
1N4004
1N4004
1N4004
1NE21

4N33
BD140

BD139
30TPS08

0.1u

100u

100u
0.01u/400v
0.1u

0.1u
IN4004
IN4004

470/1w
470/1w
680/1w

Device

C-EU275-113X316
C-EU050-025X075
C-EU025-024X044
C-EU050-025X075
1N4004

1N4004

1N4004

1N4004

IN8Z21

LED5MM

LED5MM

4N33

BD140
R-EU_0207/10
R-EU_0207/10
R-EU_0207/10
R-EU_0207/15
R-EU_0207/10
R-EU_0207/10
R-EU_0207/10
R-EU_0207/10
R-EU_0207/10
R-EU_0207/10
R-EU_0617/22
R-EU_0207/10
R-EU_0207/10
BD139

30TPS08

SKB

SKB
C-EU050-025X075
C-EUD50-025X075
C-EUD50-025X075
C-EU275-093X316
C-EU0D50-025X075
C-EU0D50-025X075
1N4004

1IN4004

SH22,5A
R-EU_0411/15
R-EU_0411/15
R-EU_0411/15
EI30-1
Art.53-403

XVili

capacitor
capacitor
capacitor
capacitor
diode
diode
diode
diode
diode

led

led
optocoupler

transistor-pnp

resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
resistor
transistor
triac
rectifier
rectifier
capacitor
capacitor
capacitor
capacitor
capacitor
capacitor
diode
diode
fuse
resistor
resistor
resistor
trafo
Biltema



Appendix C — Measurement data from
experiments

Some of the measurements data around and at th&MB&ning for the different gap
surfaces are given in this appendix.
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Date:

07.12.2009

Surface configuration: New/Undamaged

Apparatus:

Yi [mm] Re- ignition
0,99 14 3,130 Yes
0,99 14 3,129 Yes
0,99 14 3,127 No
Mean: 3,128666667 Max: 3,13
0,98 14 3,108 No
0,98 14 3,156 No
0,98 14 3,109 No
0,98 14 3,157 No
0,98 14 3,144 No
0,98 14 N/A No
0,98 14 N/A No
0,98 14 3,155 No
0,98 14 3,155 No
0,98 14 3,109 No
Mean: 3,136625 Max: 3,157
1,00 14 3,014 Yes
1,00 14 2,970 Yes
1,00 14 2,909 Yes
1,00 14 3,014 Yes
1,00 14 3,016 Yes
1,00 14 3,072 Yes
1,00 14 3,049 Yes
1,00 14 3,031 Yes
1,00 14 2,996 Yes
1,00 14 3,054 Yes
Mean: 3,013 Max: 3,072
Date: 09.12-16.12.2009
Surface configuration:
Apparatus:
Yi [mm] Pmax [barg] Re- ignition

0,98 14 4,331 No
\ Mean: 4,302 Max: 4,331 \
0,99 14 4,273 No
| Mean: 4,273 Max: 4,273 |
1,00 14 4,166 No
\ Mean: 4,166 Max: 4,166 \
1,01 14 4,204 No
| Mean: 4,204 Max: 4,204 |
1,02 14 4,288 No
1,03 14 4,132 No
| Mean: 4,132 Max: 4,132 |
1,04 14 4,155 No
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Mean: 4,155 Max: 4,155
1,05 14 4,148 No
Mean: 4,148 Max: 4,148
1,06 14 4,028 No
Mean: 4,028 Max: 4,028
1,07 14 N/A No
Mean: N/A Max: N/A
1,08 14 4,049 No
Mean: 4,049 Max: 4,049
1,13 14 3,438 No
Mean: 3,438 Max: 3,438
1,18 14 N/A Yes
Mean: N/A Max: N/A
1,17 14 3,913 Yes
Mean: 3,913 Max: 3,913
1,16 14 3,819 Yes
Mean: 3,819 Max: 3,819
1,15 14 3,901 Yes
Mean: 3,901 Max: 3,901
1,14 14 3,980 Yes
1,14 14 3,977 Yes
1,14 14 4,018 Yes
1,14 14 3,972 Yes
1,14 14 3,908 Yes
1,14 14 3,906 Yes
1,14 14 N/A Yes
1,14 14 N/A Yes
1,14 14 3,977 Yes
1,14 14 4,598 No
Mean: 4,042 Max: 4,598
1,15 14 3,985 Yes
1,15 14 3,824 Yes
1,15 14 3,883 Yes
1,15 14 3,855 Yes
1,15 14 3,916 Yes
1,15 14 3,900 Yes
1,15 14 3,908 Yes
1,15 14 3,875 Yes
1,15 14 4,548 No
Mean: 3,966 Max: 4,548
1,16 14 3,918 Yes
1,16 14 N/A Yes
1,16 14 N/A Yes
1,16 14 3,880 Yes
1,16 14 3,845 Yes
1,16 14 3,839 Yes
1,16 14 3,804 Yes
1,16 14 4,469 No
Mean: 4,137 Max: 4,469
1,17 14 3,804 Yes
1,17 14 N/A Yes
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1,17 14 3,885 Yes

1,17 14 3,962 Yes
1,17 14 3,842 Yes

1,17 14 4,588 No

\ Mean: 4,215 Max: 4,588 \
1,18 14 3,999 Yes

1,18 14 4,596 No

\ Mean: 4,298 Max: 4,596 \
1,19 14 3,862 Yes

1,19 14 3,832 Yes

1,19 14 3,868 Yes

1,19 14 3,863 Yes

1,19 14 N/A Yes

1,19 14 3,806 Yes

1,19 14 3,878 Yes

1,19 14 N/A Yes

1,19 14 3,808 Yes

1,19 14 N/A Yes

\ Mean: 3,845 Max: 3,878 \
1,13 14 N/A Yes

‘ Mean: N/A Max: N/A ‘
1,12 14 4,048 Yes

\ Mean: 4,048 Max: 4,048 \
1,11 14 N/A No

1,11 14 N/A Yes

\ Mean: N/A Max: N/A \
1,10 14 4,199 No

1,10 14 4,176 No

1,10 14 4,100 No

1,10 14 4,048 No

1,10 14 4,129 No

1,10 14 4,188 No

1,10 14 4,135 No

1,10 14 4,140 No

1,10 14 4,790 No

1,10 14 4,183 No

Mean: 4,209 Max: 4,790

Date: 11.11-12-11.2009
Surface configuration:
Apparatus:

Yi [mm] [ Pmax [barg]

Re- ignition

0,97 14 3,220 Yes
0,97 14 3,157 Yes
0,97 14 3,122 Yes
0,97 14 3,129 Yes
0,97 14 3,149 Yes
0,97 14 N/A Yes
0,97 14 3,149 Yes
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0,97 14 3,146 Yes
0,97 14 3,152 Yes
0,97 14 3,156 Yes
\ Mean: 3,153 Max: 3,220
0,96 14 N/A Yes
‘ Mean: N/A Max: N/A
0,95 14 3,129 Yes
\ Mean: 3,129 Max: 3,129
0,94 14N/A No
0,94 14N/A Yes
\ Mean: N/A Max: N/A
0,93 14 3,921 No
0,93 14 3,967 No
0,93 14 3,934 No
0,93 14 3,938 No
0,93 14 3,212No
0,93 14N/A No
0,93 14N/A No
0,93 14 3,916 No
0,93 14N/A No
0,93 14N/A No
Mean: 3,815 Max: 3,967

DE(H
Surface configuration:

Apparatus:

Yi [mm]

3.2-5.2.2010

Pmax [barg]

0,98 14 3,108 No
0,98 14 2,909 Yes

\ Mean: 3,009 Max: 3,108
0,97 14 2,897 Yes

\ Mean: 2,897 Max: 2,897
0,96 14 2,877 Yes

| Mean: 2,877 Max: 2,877
0,95 14 3,190 No
0,95 14 3,126 Yes
0,95 14 3,046 Yes

| Mean: 3,120 Max: 3,190
0,94 14 3,192 Yes

\ Mean: 3,192 Max: 3,192
0,93 14 3,109 Yes
0,93 14 3,06078 Yes

\ Mean: 3,085 Max: 3,109
0,91 14 N/A Yes
0,91 14 3,10917 Yes

\ Mean: 3,109 Max: 3,109
0,9 14 3,0748 Yes
0,9 14 3,08879

\ Mean: 3,082 Max: 3,089
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0,89 14 3,11935 Yes

| Mean: 3,119 Max: 3,119 |
0,87 14 3,18186 Yes

\ Mean: 3,182 Max: 3,182 \
0,86 14 3,215 No

0,86 14 3,21754 Yes

\ Mean: 3,216 Max: 3,218 \
0,85 14 3,21868 No

0,85 14 N/A Yes

| Mean: 3,219 Max: 3,219 |
0,84 14 3,13089 Yes

| Mean: 3,131 Max: 3,131 |
0,83 14 3,12579 No

0,83 14 3,15893 No

0,83 14 3,14109 No

0,83 14 3,17167 No

0,83 14 3,14109 No

0,83 14 3,14109 No

0,83 14 3,14109 No

0,83 14 3,13854 No

0,83 14 3,09011 No

0,83 14 3,11681 No

Mean: 3,137 Max: 3,172

0,87 14 3,13463 Yes

0,87 14 3,06842 Yes

0,87 14 3,06972 Yes

0,87 14 3,06078 Yes

0,87 14 3,09643 Yes

0,87 14 3,07737 Yes

0,87 14 3,0643 Yes

0,87 14 3,06892 Yes

0,87 14 3,07606 Yes

Mean: 3,080 Max: 3,135

Date: 8.2-10.2.2010
Surface configuration:

Apparatus:

Yi [mm] i Pmax [barg] Re- ignition

0,98 14 3,118 No
0,98 14 2,974 Yes
Mean: 3,046 Max: 3,118
0,82 14 3,197 No
0,82 14 3,233 No
0,82 14 3,146 No
0,82 14 3,233 No
0,82 14 3,208 No
0,82 14 3,160 No
0,82 14 3,201 No
0,82 14 3,304 No
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0,82 14 3,248 No

0,82 14 3,243 No
Mean: 3,217 Max: 3,304
0,89 14 3,107 Yes
0,89 14 N/A Yes
0,89 14 3,068 Yes
0,89 14 3,089 Yes
0,89 14 3,046 Yes
0,89 14 3,023 Yes
0,89 14 3,079 Yes
0,89 14 3,103 Yes
0,89 14 3,076 Yes
0,89 14 3,007 Yes
Mean: 3,066 Max: 3,107

Date: 11.3-15.3.2010
Surface configuration:
Apparatus:

Yi [mm] i Pmax [barg] Re- ignition

1,12 14 1,765 No
1,12 14 1,715 No
1,12 14 N/A No
1,12 14 1,836 No
1,12 14 1,836 No
1,12 14 1,755 No
1,12 14 1,801 No
1,12 14 1,765 No
1,12 14 1,772 No
1,12 14 1,806 No
Mean: 1,783 Max: 1,836

Date: 24.03.2010
Surface configuration:

Apparatus:

Yi[mm] i Pmax [barg] Re- ignition

0,98 14 3,377 No
0,98 14 3,252 No
0,98 14 3,152 No
0,98 14 3,165 No
0,98 14 3,076 No
0,98 14 3,007 No
0,98 14 3,663 No
0,98 14 2,992 No
0,98 14 2,933 No
0,98 14 2,923 No
Mean: 3,154 Max: 3,663
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DE(H 27.1-1.2.2010
Surface configuration:
Apparatus:
Yi[mm] Pmax [barg] Re- ignition
1,14 14 0,264 No
1,14 14 0,279 No
1,14 14 0,274 No
1,14 14 0,285 No
1,14 14 0,274 No
1,14 14 0,274 No
1,14 14 0,271 No
1,14 14 0,317 No
1,14 14 0,310No
1,14 14 0,312No
Mean: 0,286 Max: 0,317|
1,15 14 0,251 No
1,15 14 0,271 Yes
Mean: 0,261 Max: 0,271
1,16 14 0,269 No
Mean: 0,269 Max: 0,269
1,17 14 0,264 Yes
1,17 14 0,266 No
Mean: 0,265 Max: 0,266]
1,18 14 0,236 Yes
1,18 14 0,236 Yes
1,18 14 0,231Yes
1,18 14 0,256 No
Mean: 0,239 Max: 0,256
1,19 14 0,225Yes
1,19 14 0,231Yes
1,19 14 0,241 Yes
1,19 14 0,241 Yes
1,19 14 0,236 Yes
1,19 14 0,246 Yes
1,19 14 0,231 No
Mean: 0,236 Max: 0,246
1,20 14 0,233 Yes
1,20 14 0,219Yes
1,20 14 0,241 Yes
1,20 14 0,218 Yes
1,20 14 0,241 Yes
1,20 14 0,205 Yes
1,20 14 0,185Yes
1,20 14 0,233 Yes
1,20 14 0,233 Yes
1,20 14 0,236 Yes
Mean: 0,224 Max: 0,241
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Date: 24.03-26.3.2010
Surface configuration: New/Undamaged
Apparatus:

Yi[mm] i Pmax [barg] Re- ignition
0,91 14 0,140 No
0,91 14 0,140 No
0,91 14 0,140 No
0,91 14 0,145 No
0,91 14 0,145 No
0,91 14 0,140 No
0,91 14 0,155 No
0,91 14 0,145 No
0,91 14 0,153 No
0,91 14 0,145 No
Mean: 0,145 Max: 0,155

Date: 24.03.2010
Surface configuration:

Apparatus:

Yi [mm] i Pmax [barg] Re- ignition

0,93 14 0,130 No
0,93 14 0,120 No
0,93 14 0,129 No
0,93 14 0,122 No
0,93 14 N/A No
0,93 14 N/A No
0,93 14 N/A No
0,93 14 0,112 No
0,93 14 0,111 No
0,93 14 0,100 No
IMean: 0,118 Max: 0,130 \

The measurements data for the undamaged, sandbéasteusted gap surface examined in
the PCFA are from (Opsvik 2010)

New / undamaged flame paths

Date: 25.07.2009 |
Yi [mm] Zi [mm] Pmax Re- Remarks
[barg] ignition
0,95 14,0 0,116 No
0,95 14,0 0,124 No
0,95 14,0 0,131 No
0,95 14,0 0,126 No
0,95 14,0 0,131 No
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0,95 14,0 0,131 No
0,95 14,0 0,124 No
0,95 14,0 0,131 No
0,95 14,0 0,129 No
0,95 14,0 0,124 No
0,95 14,0 0,136 No Mean: 0,128 max 0,136
0,96 14,0 0,139 No
0,96 14,0 0,139 Yes
0,96 14,0 0,145 No Mean: 0,141 max 0,145
0,97 14,0 0,114 Yes
0,97 14,0 0,118 No Mean: 0,116 max 0,118
0,98 14,0 0,124 No Mean: 0,124 max 0,124
0,99 14,0 0,103 No Mean: 0,103 max 0,103
1,00 14,0 0,108 Yes
1,00 14,0 0,116 No Mean: 0,112 max 0,116
1,01 14,0 0,108 Yes
1,01 14,0 0,109 Yes
1,01 14,0 0,111 Yes
1,01 14,0 0,104 Yes
1,01 14,0 0,113 Yes
1,01 14,0 0,116 Yes
1,01 14,0 0,108 Yes
1,01 14,0 0,111 Yes
1,01 14,0 0,111 Yes
1,01 14,0 0,111 Yes Mean: 0,110 max 0,116
Abs.max 0,145
Corroded flame paths
Date: 12-18.08.2009 |
Yi[mm] | Zi [mm] | Pmax Re- |Remarks
[barg] | ignition
0,95 14,0 0,141 No  superfluous measurement
0,96 14,0 0,135 No  superfluous measurement
0,97 140 0,126 No  superfluous measurement
1,07 14,0 0,109 No
1,07 14,0 0,103 No
1,07 14,0 0,103 No
1,07 14,0 0,093 No
1,07 14,0 0,101 No
1,07 14,0 0,095 No
1,07 14,0 0,098 No
1,07 14,0 0,101 No
1,07 14,0 0,101 No
1,07 140 0,094 No Mean: 0,100 max 0,109
1,08 14,0 0,113 Yes
1,08 14,0 0,093 Yes
1,08 14,0 0,113 Yes
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1,08 14,0 0,101 Yes
1,08 14,0 0,101 Yes
1,08 14,0 0,106 Yes
1,08 14,0 ~ Yes
1,08 14,0 0,103 Yes
1,08 14,0 0,104 Yes
1,08 14,0 0,106 Yes Mean: 0,104 max 0,113
1,09 14,0 0,103 Yes
1,09 14,0 0,101 Yes
1,09 14,0 0,101 Yes
1,09 14,0 0,094 Yes
1,09 14,0 0,103 Yes
1,09 14,0 0,103 Yes
1,09 14,0 0,108 Yes
1,09 14,0 0,101 Yes
1,09 14,0 0,104 Yes
1,09 140 0,095 Yes Mean: 0,101 max 0,108
Abs.max 0,113
Sand blasted flame paths
Date: 16-17.09.2009 |
Yi [mm] Zi [mm] Pmax |Re- ignition |Remarks
[barg]
0,91 14,0 0,136 No
0,91 14,0 0,157 No
0,91 14,0 0,141 No
0,91 14,0 0,146 No
0,91 14,0 0,136 No
0,91 14,0 0,139 No
0,91 14,0 0,136 No
0,91 14,0 0,141 No
0,91 14,0 0,157 No
0,91 14,0 0,149 No Mean: 0,144 max 0,157
0,92 14,0 0,149 Yes Mean: 0,149 max 0,149
0,93 14,0 0,154 Yes Mean: 0,154 max 0,154
0,94 14,0 0,149 No
0,94 14,0 0,147 No
0,94 140 0,134 Yes Mean: 0,143 max 0,149
0,95 14,0 0,126 No
0,95 14,0 0,149 Yes Mean: 0,138 max 0,149
0,96 14,0 0,144 Yes
0,96 14,0 0,144 No Mean: 0,144 max 0,144
0,97 14,0 0,134 Yes
0,97 14,0 0,126 Yes
0,97 14,0 0,118 Yes
0,97 14,0 0,135 Yes
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0,97 14,0 0,123 Yes

0,97 14,0 0,123 Yes

0,97 14,0 0,118 Yes

0,97 14,0 0,118 Yes

0,97 14,0 0,126 Yes

0,97 14,0 0,131 Yes Mean: 0,125 max 0,135
Abs.max 0,157
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Appendix D — Surface roughness
measurements

Report from AGR EmiTeam is attached at the nexepatn addition to the surface roughness

measurements performed by AGR, surface roughneasureaments were performed at
Prototech.
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Inspection report — Surface roughness

From (Opsvik 2010)

Scope of inspection

To different types of geometries has been examimeccircular shaped flange and a
rectangular metal slit. An inspection program hasrbdescribed. On the circular flange there
have been carried out measurements everyaS8éndicated at the figure below. On the metal
bracket there where carried out measurements ithtiee positions indicated below. On the
flange the measurements where carried out in tidellsnbut on the bracket the measurements
where made along the A-A line. A total of four ftgn pairs and four brackets where
examined. The measurements results are enclosked matrixes in chapter 5, Appendix.

9 - _3
Cent
e el o A el e el
8~ =4 |
|

Positions examined during roughness Positions examined during roughness
measurement on gap surfaces in the PCFA&easurement on gap surfaces in the PRSA
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General theory

Surface finish is, by definition, the allowable adion from a perfectly flat surface that is
made by e.g. some manufacturing process, corraziomechanical wear. Whenever any
process is used to manufacture a part, there wifldme roughness on the surface.

The science of metrology — the study of surfacéslHittexture/etc. goes into a depth with
statistical analysis and complex calculus. Thisremhath is included in the analyzer and the
appurtenant software. Surface texture is genefaibken up into three components upon
analysis: roughness, waviness, and form. Roughaagnerally the marks made on a surface
by the machining tool, waviness is the result ef distance between the cutting tool and the
work piece changing and finally the form errorsarecause the machine tool's ways are not
straight or are worn. All three surface finish caments exist simultaneously, they just
overlap one another. Often each component is examseparately, so the assumption is
made that (a correct one, in most cases) roughmess shorter wavelength than waviness,
which in turn has a shorter wavelength than form.

When analyzing surface finish, there are a plertgliiferent parameters in existence (all in
recognized standards) and many more that have theegloped for special products and
circumstances. Many of these parameters are egldendant or just plain unnecessary. The
parameter used for general surface roughness snrépiort is the Ra. It measures average
roughness by comparing all the peaks and valleysganean line, and then averaging them
all over the entire cutoff length. The cutoff lengs the length that the stylus is dragged
across the surface; a longer cutoff length willeggymore average value, and a shorter cutoff
length might give a less accurate result over atshstretch of surface.

The parameter most widely used in Europe is Ranean roughness depth. The Rz ISO
standard is also called “Ten Point Average Rouginds averages the height of the five

highest peaks and the depth of the five lowesteyallover the measuring length, using an
unfiltered profile. The Rz DIN standard averages hiighest point and lowest point over five
cutoffs. The newer Japanese standard (JIS) meatheesame points, but filters (slightly

smoothes) the raw data before creating a profilethls report the reported values are in
accordance with the Rz ISO Standard.
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Measurement equipment

The measurements have been carried out with a d§auBJ-400. The testing equipment
works as follows: a stylus is dragged across &sey and this will create a profile of the
surface. To prevent deflection of the tip wheantounters the tiny bumps on the surface, the
stylus on the Mitutoyo SJ-400 is diamond tippeche Burface testers have been calibrated
before being used - and periodically thereafterréading is compared to a known value, and
adjusted until the tester displays the same reaalrthe reference specimen.

Apparatus: Mitutoyo SJ-400
Cut off length 0,8 mm
Calibration specimen | 2,95um

(Ra value)

Stylus tip material Diamond tipped
Stylus tip radius pm

Downward force at | 4 mN

stylus

Mitutoyo SJ-400 - Apparatus used to measure surfac®ughness
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Summary of results

Arithmetical mean values of the Ra and the Rz \&hfethe different work pieces are listed
below in table 4.1. The single point from each wpdce is listed bellow.

Id. Geometry Condition Ra Rz Remarks
Number (pm) | (um)

F1 Circular flange| Sand blasted 11.4 63.7
F2 Circular flange| Sand blasted 12.2 66.3
F3 Circular flange| Undamaged 0.2 2.0
F4 Circular flange| Undamaged 0.2 1.8
F5 Circular flange| Corroded 7.4 36.1
F6 Circular flange| Corroded 4.1 22.4
F7 Circular flange| Needle scaled 5.9 29.1
F8 Circular flange| Needle scaled 5.9 28.4
Bl Metal bracket | Sand blasted 12.3 65.%
B2 Metal bracket | Sand blasted 13.1 76.9
B3 Metal bracket | Sand blasted 11.6 61.0
B4 Metal bracket | Sand blasted 13.0 63.4
B5 Metal bracket | Sand blasted 13.4 69.6
B6 Metal bracket | Sand blasted 11.2 59.2
B7 Metal bracket | Needle scaled 8.6 39.7
B8 Metal bracket | Needle scaled 7.3 39.(

Measurement results - surface roughness
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Single point measurements:
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1 2 a | 4 5 B ot | T 8 [ 10 Mean value
@ NrJRa Rz JRa JRz |Ra |Rz [Ra Rz [Ra Rz |Ra [Rz |Ra [Rz [Ra IRz |Ra |z |Ra Jfe [Ra [
F1 | 109] 652{ 13,8] 67.8] 133] 720l B8] 454] 10.1] 57.3] 11.2] 625] 10.8] 62.3] 11.2] 60.0| 11.8| 71,0] 12.5] 62.8] 11.4] 63.7
F2 | 124] 613] 139] 73.6] 18] 665| 10,8 646 128] 71.8] 11,6] 684| 11,5] 56,0] 128 40| 11,2| 50.4] 13,0] 759] 12.2] €6,
Fa | 02| 21| o2 17 03] 18] 02 e 02 2] 02 18] 02| 20 02 23] 02| 20 021 18] 0.2] 2.
F4| 02 18] o02] 20 02 7] 02 1¢] o2f 18] o2 18] 02 17] o2l 17| ezl 1.7 o2 za] oz2] 18]
F5 | 67| 318 70| 356] 84| 39.7] 57| 336] 64| 31.2] 7.4] 354] 68| 355] 69 31.8| 92| 45.1] 85| 41.0] 7.4] 36.1
Fe | 38| 198] 28] 175 37 2320 78 378] 34| 187 59[ 2900 40| 218 25 15[ 43| 220 az[ 187 41| 224
Fr | 50] 201 7ol 346] 7ol a0 ea[ 298] 48] 265] 45 208] 53| 291] 7.7] 40.2| 50| 27.6| 53] a1.0] 54 26.1
F8 | 5a4] 265] 43[ 233] 53] 53] 55| 275] 50| 267] 8] 374] &1f 248 6] 65| 47] 293 &U] 30,1] 59 84
1 2 3 Mean value
N [Ra  |Re fa iz Ra Rz Ra Rz
i O5d] 42,30 B8.05 4100 7.20] 349 Bbu|  39.70]
BZ B76| 4570] 673 4D30] 630 3000 726 39,00
5] 111 6050] 1280 B850 1302 Toa0[ 123 655D
B4 139 73900 207 EOE0 1321] 76| 1308 7690
B& 1231 61200 1086 81400 1147 6030 1155 60G7
BE 13,85] 6580 11.24] G4,70] 13,95 70,10] 13,01 63.43|
a7 10.86) €0.70] 17.33] 77.80] 1201 7040 1240] 6953
B 599 5270 1270[ 6360] 114 6130 1120] 5920



AGR EmiTeam AS
Postboks 163
5342 Stramue
Norge

Er referens. vér referens Datum
Per Kedvall 2009-04-22

Reparation & funktionskontroll:

Foljande ytigmnhetsmatare har genomgatt reparation:
§J-401 178-956-3D s/n:510340

Direfter har en funktionskontroll genomforts och ytjigmnhetsmataren fungerar OK.

Per Kedvall
Tekniskchef/Kvalitetschef

Mitutoyo Scandinavia AB

Box 712 * 194 27 Upplands Vashy

Tel 08-584 10 974 * Fax 08-590 924 10
Org.nr 556210-1138

E-post: per kedvall@mitutoyo.se
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Appendix E — Certificates / Specifications

Certificate Description

E1l Calibration Gas (Propane and Nitrogen)
E2 Test Gas (Propane)

E3 Pressure Transducers

E4 Pressure Transducers

ES5 Charge Amplifier
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E.1 Calibration gas

((( Sertifikat

hcnd

YARA
Side 1av 1
Kunde: Sertifikat nr.: Flaske vannvolum (I): Flaskenummer:
UiB Institutt for Fysikk og Teknologi 4325268-01-K-344061HG 10 K-344061HG
Kunde referanse: Kvalitetsklasse: Anbefalt trykkregulator: |Flaskeventilgjenger: Fylletrykk v/i20°C (bar g):
QOddgeir Kleppa 2 Ultraserien (messing) DIN 477 No. 1 150
Komponenter Bestilt sammensetning | Sertifisert sammensetning Usikkerhet
mol % mol % % relativ
Propan 5 4,90 2
Nitrogen Rest Rest
100 % LEL | luft (vol %): [Konfidens intervall: |Sporbarhet klasse 1:  |Kondensasjonstemp. Stabilitetstid (maneder):
95 % (k=2) Sl-enhet for masse ved fylletrykk (°C) 36
<-20
Laveste anbefalte Anbefalt lager og Spesielle opplysninger:
brukstrykk (bar g): brukstemp. (°C)
5 20
For HMS datablad, Ved mistanke om utkondensering ma flasken lagres horisontalt
se vir hjemmeside www.yarapraxair.com ved romtemperatur | 14 dager, eller rulles horisontalt
i 8 timer ved > 63 omdreininger/min fer bruk.

Riukan _*/5 - ©% /LZT__ chw(wk

(Produksjonssted) (Dato) (Ansvarlig)

Yara Praxair AS Fnr./Reg.No. 945 772 042

Postadr. Telefon Telefax:
P.0.Box 23, Haugenstua +4704277 +47 24156429
N-0915 OSLO
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E.2 Test gas

(« 2 Salgsspesifikasjon
Dok.id.nr. $S141
M Gyldig fra 2004-06-30
YARA Revisjon 0s
1 alt 2 sider
Propan 3.5
: Spesifikasjon:
Fropan(CJHs) > 99,95 %
Vann (H?O) < 10 ppm
Oksygen (02) < 10 ppm
Nitrogen (N2) < 50 ppm
Karbondioksid (CO,) < 20 ppm
Andre hydrokarboner (CH) < 400 ppm
2, Flasketyper
rrels Innhold Varenummer
10 liter 42kg 500317
50 liter 21,0 kg 500318

Se ogsa HMS-datablad pa var hjemmeside www.yara.no
(Gass og Kjemikalier -> Produkter og tjenester -> HMS-datablad -> “produktnavn®)

Yara Industrial AS forbeholder seg retten til 4 endre spesifikasjonene uten varsel

Postadresse Telefon Telefax Internett
Yara Industrial AS 24 1576 00 24157550 WWWw.yara,.no
Postboks 23 Haugenstua

N-0915 Oslo
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E.3 Pressure transducers

KISTLER

measure. analyze. innovate.

Kalibrierschein oruck
Calibration Certificate sressure

Type 701A Serial No. 1740583
Kalibriert durch Datum

Calibrated by Date

U. K&hler 20.10.2008

Referenzgerite Typ Serien-Nr.
Reference Equipment Type Serial No.
Gebrauchsnormal

Working Standard Kistler 7005-350 634580
Ladungsverstarker Kistler 5011A 572386
Charge Amplifier Kistler 5011A 572385
Ladungskalibrator

Charge Calibrato Kistler 5395A 530633
Umgebungstemperatur Relative Feuchte

Ambient Temperature Relative Humidity

= %

23 41

Messergebnisse Results of Measurement

Kalibrierter Bereich Empfindlichkeit Linearitit
Calibrated Range Sensitivity Linearity

bar pC / bar < z %F50
0..250 -80,60 0,11

0..25 -79.49 0,04

0..25 -79.22 0,04
Messverfahren Kontinuierliche Kalibrierung, Vergleichsverfahren

Measurement Procedure  Continuous Calibration, Comparison Method

Bestdtigung Confirmation

Die Gerite halten die Herstelltoleranzen gemiss Spezifikationen der Datenbltter ein. Wir bestatigen, dass das oben identifizierte Gerdt nach
den vorgeschriebenen Verfahren geprift wurde. Alle Messmittel sind auf nationale Normale rlickverfolgbar. Kistler betreibt die SCS (Swiss
Calibration Service) Kalibrierstelle Nr. 049, akkreditiert nach 1SO 17025. Das Kistler Qualititsmanagement System ist nach ISO 9001
zertifiziert.

Kistler Instrumente AG

Eulachstrasse 22 Tel. +41 52 224 11 11 ZKB Winterthur BC 732  IBAN: CH67 0070 0113 2003 7462 8

PO Box Fax +41 52 224 14 14 Swift: ZKBKCHZZ80A VAT: 229 713

CH-8408 Wintherthur  info@kistler.com Account: 1132-0374.628 150 9001 certified www.kistler.com
Seite page 1/1
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E.4 Pressure transducers

KISTLER

measure. analyze. innovate.

Kalibrierschein orucx
Calibration Certificate rressuse

Type 701A Serial No. 1740584
Kalibriert durch Datum
Calibrated by Dale
U. Kéhler 20.10.2008
Referenzgerite Typ Serien-Nr.
Reference Equipment Type Serial No
Gebrauchsnormal
Working Standard Kistler 7005-350 634580
Ladungsverstarker Kistler 5011A 572386
harge Amplifie Kistler 5011A 572385
Ladungskalibrator
harge Calibrato Kistler 5395A 530633
Umgebungstemperatur Relative Feuchte
Ambient Temperature Relative Humidity
°c
23 41

Messergebnisse Results of Measurement

Kalibrierter Bereich Empfindlichkeit Linearitat
Calibrated Range Sensitivity Linearity

bar pC / bar < z %FSO
0...250 -82,92 037

0..25 -82.79 0,08

0..25 -82,61 0,06
Messverfahren Kontinuierliche Kalibrierung, Vergleichsverfahren

Measurement Procedure Continuous Calibration, Comparison Method

Bestatigung Confirmation

Die Gerite halten die Herstelltoleranzen gemiss Spezifikationen der Datenblatter ein. Wir bestitigen, dass das oben identifizierte Gerdt nach
den vorgeschriebenen Verfahren gepriift wurde. Alle Messmittel sind auf nationale Normale riickverfolgbar. Kistler betreibt die SCS (Swiss
Calibration Service) Kalibrierstelle Nr. 049, akkreditiert nach ISO 17025. Das Kistler Qualitaitsmanagement System ist nach 150 9001
zertifiziert.

wcturing tolerances according to the specification data sheets We confirm that the device identified a

Kistler Instrumente AG

Eulachstrasse 22 Tel. +41 52 224 11 11 ZKB Winterthur BC 732  IBAN: CH67 0070 0113 2003 7462 8
PO Box Fax +41 52 224 14 14 Swift: ZKBKCHZZBOA VAT: 229 713
CH-8408 Wintherthur  info@kistler.com Account: 1132-0374.628 150 9001 certified www.kistler.com

Seite page 1/1
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E.5 Charge amplifier

g -

i {
ratior ;
aAliUIl O

Cal

Type 5073A221 Serial No 1584688

KISTLER

measure. analyze. innovate.

Qualititsmanagement System ist nach ISO 9001 zertifiziert.

Kistler Instrumente AG
Eulachstrasse 22

PO Box

CH-B408 Winterthur

ZKB Winterthur BC 732
Swift: ZKBKCHZZB0A
Account: 1132-0374.628

Tel. +4152 224 11 11
Fax +4152 224 14 14
info@kistler.com

Seite 1/1

Kalibriert durch Datum Geriteeinstellungen
S. Mancilikcilar 19.10.2007 LP Filter Ausgangsbereich FS
Referenzgerite Typ Serien-Nr. kHz v

- off +10
Ladungskalibrator

5395A1 530626
Umgebungstemperatur Relative Feuchte
‘C %
24 40
Messergebnisse Fccults of eas
Kanal
1 2

Nullpunktabweichung

isel t mV -6,1 49
Reset-Operate-Sprung

gse-Opernah £ 0,35 -0,61
Drift (Bereich = 100 pC)

it (Ran ) pC/s -0.01 -0,02
Bereich Abweichung
pC__ 100 % 0.1 0.1
pC 10000 % 0.0 0,0
pC 10085 % -0.2 -0.2
pC 1000000 % 0.2 0,2
Bestdtigung Confirmation

Wir bestitigen, dass das oben identifizierte Gerat nach den vorgeschriebenen Verfahren geprift wurde. Alle Messmittel sind auf nationale
Normale rickverfolgbar. Kistler betreibt die SCS (Swiss Calibration Service) Kalibrierstelle Nr. 049, akkreditiert nach ISO 17025. Das Kistler

IBAN: CH67 0070 0113 2003 7462 8
VAT: 229 713
ISO 9001 certified
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