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1 INTRODUCTION 2

1 Introduction

Flame arresters are used in chemical processing facilities to prevent flames from burning into
process vessels during either emergency relief or normal operations. Flame arresters ! work by
forcing the flame through one or more narrow passages that are long enough to decelerate the flow
and increase the residence time for heat transfer and that are small enough to increase heat loss
from the flame surface to prevent the flame from propagating.

Although we can make the flow path tortuous with a very large surface to volume ratio and resi-
dence time, we need to consider operational requirements dealing with pressure drop and plugging.
Flame arresters will not function properly and will still transmit a flame if they heat up too much. It
is a good practice to have a temperature monitored flame arrester that can detect a stabilized flame
at the flame-arresting element(s).

Flame arresters can be installed at the end of a relief line and/or directly on a storage tank or process
vessel. These arresters are referred to as "End of line flame arresters”. They are used to protect
against the flame spreading from the outside atmosphere to the inside of the vessel. Flame arresters
that are installed in piping systems to protect the downstream equipment from flame propagation
and/or a deflagration are referred to as ’Inline flame arresters”.

Figure 1: Laminar flame propagation in a circular pipe
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2 Heat Generation vs. Heat Loss

Figure 1 illustrates a laminar flame that is propagating back towards the process. The flame is prop-
agating at a laminar burning velocity 5, (~ 0.5 m/s) and as it propagates it consumes unreacted

IFlame arresters have some similarities/differences from detonation arresters. Detonation arresters will be dis-
cussed in a future publication.
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2 HEAT GENERATION VS. HEAT LOSS 3

material and loses heat to the pipe wall. The heat production rate by combustion can be calculated
as a function of the burning velocity and the theoretical adiabatic flame temperature, 77, :

. 7 D?
Qcombustion - Tpusucpu (Tfa - Tw) (1)

The flame also loses heat to the pipe wall over the flame front thickness:

Quoss = wD3h(Ty —T) )
N,k
h o= v 3
D 3)
Oy,
5y = -2 4
f S “4)
K
Oy, = (5)
pucpu

where N, is the Nusselt number which is measure of convective heat transfer over conductive heat
transfer and is typically correlated with Reynolds and Prandtl numbers®. «,, is the thermal diffu-
sivity of the unburnt material, / is the heat transfer coefficient, 7 is the actual flame temperature
after accounting for heat loss to the wall, 7', is the theoretical adiabatic flame temperature without
any heat loss which depends on the combustion stoichiometry, and ¢ is the flame thickness.

We can show by arranging the above equations that the critical value of pipe flow diameter required
to arrest or quench a flame is equal to:

AN, [%} B (&) Vel

Qy,
D < - - %
B (Su) / _ Qloss Su / _ Qloss
Qcombustion Qcombustion
We note from equation 6 that D) decreases with increasing burning velocity. If we assume that the
wall temperature is equal to 7;, = 300 K, a theoretical adiabatic flame temperature of 2, 300 K, an

actual flame temperature of 1,400 K at which the flame will not propagate for most hydrocarbon
flames (see Melhem [1]), we can show that C' is approximately equal to 9:

(6)

Ty — Ty

1400 — 300 _
Ty, — T

> 88 (7)
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The larger the value of 4/ %, the smaller the value of D becomes. The ratio of heat loss to
heat production that is required to stop the flame from propagating typically ranges from 10 to 20
% for hydrocarbon systems. If we take an upper bound of 20 %, we can then show that in order

to quench/arrest a flame propagating at laminar burning velocity, the maximum pipe flow diameter
should be:

V8.8 [, O
Vo2 (s—u) < 66 (s—u) ®

2For fully developed laminar flow, N,, equals 3.66 for constant surface temperature conditions and 4.36 for constant
heat flux conditions.
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3 LAMINAR BURNING VELOCITY 4

Flame arresters can have flow path geometries that are not circular. Since the hydraulic diameter
provides a good representation of surface to volume ratio, it can be substituted for D in the above
equation:

Dy < 66 (%:) 9)

The form of Equation 9 is sometimes represented in the literature in terms of a critical Peclet
number:

Np = (ﬂ) Dy or Dy < Np, (ﬁ) (10)

Oy, Su

A critical Peclet number of 42 is reported for propane [2].

3 Laminar Burning Velocity

In general the laminar burning velocity can be represented using a power law function of pressure
and temperature [3, 4]:

71°[P7’
Sy = Suo {H {Fo] (1.0 — 2.1Yy;) for P > P, (11)
Suo = B+ By (6 — )’ (12)
a = 218-08(¢—1) (13)
B = —0.17+0.22(¢—1) (14)
|: Mfuel :| [ Nfuel :|
Mozidizer tual Nozidizer actual
_ actua — 1
¢ [ Mfuel :| [ Nfuel :| ( 5)
Mogidizer | gtoichiometric Nogidizer | stoichiometric

where S, , is the reference laminar burning velocity, P, and 7, are the reference temperature and
pressure in absolute units, ¢ is the equivalence ratio, B, is maximum flame speed attained at
equivalence ratio ¢,,, By quantifies the dependence of flame speed on equivalence ratio, Yy is the
mass fraction of diluents, « is the temperature exponent, and 3 is the pressure exponent.

If we consider « = 2.18 and § = —0.17 to be representative of most hydrocarbon fuels pressure
and temperature dependency, then Dy will decrease with increasing temperature and increase with
increasing pressure. Data for laminar burning velocity for a wide variety of fuels is provided in
Appendix A.

4 High Flame Speeds

For high flame speeds, say > 15 m/s, the criteria provided by equation 9 is not sufficient. With
high flame speeds, the flame arrester has less time to extract heat from the flame. High flame
speeds also cause localized overpressure which can cause structural damage to the flame arrester
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5 MAXIMUM EXPERIMENTAL SAFE GAP 5

and can push hot combustion products through the flame arrester. For high flame speeds, the flame
arrester needs to have sufficient pressure drop to decelerate the flame and sufficient length to allow
extraction of sufficient heat to stop flame propagation.

Figure 2: Flame quench data for methane/air at ¢ = 1.1. Low flame speed, 80 F. [5]
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Theoretical analysis and test data show that the critical length correlates with flame speed and
critical diameter:

L> NS;D} (16)

where N is a constant typically ranging from 20 to 100, Sy is the actual flame speed, and n is
approximately 2. In the case of methane, it is reported that flame arrester length of 1 inch, and
a critical diameter of 0.03 inch will work for both low and high flame speeds at any flammable
composition (see Figures 3 and 2).

5 Maximum Experimental Safe Gap

The concept of a critical Dy is essentially the same concept as that of a maximum experimental
safe gap (MESG). MESG is measured for flammable gas mixtures as shown in Figure 4. MESG
is the distance between two parallel 25-mm long metal surfaces that is found to prevent flame
propagation under a specific set of test conditions.
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6 SELECTING THE RIGHT FLAME ARRESTER

Figure 3: Flame quench data for methane/air at ¢ = 1.1. High speed flame at 67 ft/s [5]
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MESG values are used to classify the potential of flammable gases/vapor to produce flame flash-
back and/or explosions as shown in Table 1. The groups shown in Table 1 are used to select flame

arresters.

6 Selecting the Right Flame Arrester

A flame arrester manufacturer [6] will need information related to service, identity and composition
of the flammable gas mixture, physical properties of the gas mixture including molecular weight
and density, the expected volumetric and mass flow rate, normal operating and maximum operat-

Table 1: Explosion group classification for flammable gases using MESG [6]

MESG International Electrochemical | National Electrical | Reference

mm Commission (IEC) Code (NEC) Material

1.14 I - Methane

> 09 ITA D Propane

0.5t0 0.9 IIB C Ethylene

<0.5 IIC B Hydrogen
(©ioMosaic Corporation All Rights Reserved October 30, 2019



7 CONCLUSIONS 7

Figure 4: Maximum experimental safe gap test data for selected flammable gases [6]
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ing temperatures and pressures, pressure drop constraints, type of flame arrester, piping size and
connection type, flame arrester housing material, flame arrester elements material of construction,
proper flame arrester material of construction that minimizes sparking and electrostatic charging,
and most important documentation requirements.

7 Conclusions

Selecting the right flame arrester (see Figure 5) requires an understanding of how flame arresters
work, physical properties, transport properties, flammability properties of the gas or vapor mix-
tures, and test data where applicable. While test data may be available for pure components and
some limited mixtures at ambient conditions, extrapolation of this data to higher pressures and/or
higher temperatures requires careful scaling using detailed chemical equilibrium calculations with
computer codes such as SuperChems Expert(TM). Oxygen rich mixtures and mixtures containing
materials that can support decomposition flames should be treated with care.
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7 CONCLUSIONS
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A Laminar Burning Velocities for Selected Materials

(©ioMosaic Corporation All Rights Reserved October 30, 2019



10

A LAMINAR BURNING VELOCITIES FOR SELECTED MATERIALS

‘[¥] pue [¢] 01 Surp10doE *PQ Je ¢ JOJ PAJRINO[Ed A1k ¢ puk L sjuduodxy

S1'0- 01'z| OI'1 009¢€ | 0T'IE | 0S€E | 0T°SE | 00°9€ | 08+E | 00°TE suedoxdAyjou-z‘z
LT°0 LTT 10°1 06°6€ 08+ | OF'€E | 0V'8E | 08°6€ | 09°LE | 00°€E suejuadosy
LT°0- 0zT| 860 |000% 0S°€€ | 00°LE | 06'6€ | 0£8E | 0S°€E sueINqIAYRWIJ-77
LT°0 8I'CT| 0071 010t 029¢€ | 0S°6€ | 0T°0F | 0S°6€ | 08'LE sueyuadAyowti] -¢“7°7
LT°0 0CT| 860 |001Y 0S'€C | 00°T€ | 0TLE | 00T | 0TOF | 0S'LE suejuad[Ayowiti] -4°7°Z
91°0- YI'C| SO'T 08¢ 0v'6T | 0S'SE | 00CY | 0TTY | 08°6€ | 00°LE sueydoH-u
91°0- YI'C|  SO'T 00° €Y 06°€€ | 0£°6€ | OLTY | OLTY | 0S'0F | 00°SE ouejud]-U
0S€T | 00'7C | 00+E | 0S8E | 00°8E | 00°EE | 00°ST | 00°LT
0S'LT | 00°LT | 00°LE | 00T | 0S'OF | 00°9€ | 00°8T | 0S°0T
S1'0- 1T 801 08t 0T1€ | 08°6€ | OL vy | OV €Y | 08 | 00°0€ SuBYISIN
91°0- 91z | €01 06'¢y | 00°ST | OV vE | 0T 1Y | 0THY | 08 +F | 09T | 00°8€ sueing-u
00°ST | 0S°€E | 0SOF | 00 T | 00°6€ | 00°LE | 00°0E | 00°ET
008 | 00°LE | 0S €Y | 00°SY | 007 | 0S'6E | 00TE | 00'FT
91°0- €re| 901 oY 9% 0S¥E | OF'Th | 0279 | 09°SH | 0€°TH suedoig
0S'LT | 00°0¥ | 0STH | 00°€Y | 0S'TY | 0S9E | 00°6T | 00°CT
¥1°0- LOT| P11 09'Ly | OF'LE | OV Y | 0Ly | OS'LY | 0SHY | 09°0F | 00°9€ | 09°0€ sueyyg
g O | UG e | UG | ] ! 4! I'l 01 60 | 80 | L0 [eorway)
maﬁ@ﬁomxm d Uﬁw L m\ao Q@ :m. @ Oﬁwm ooﬁoﬁwz:—u‘m

[L] (Ire ur OCH 9 90w [¢°() wie | pue arnjeradwo) [onj-I1e D) G7 I8 SUOGIBI0IPAY PajeInies JO SanIoo[RA Suruing g 9[qeL

October 30, 2019

All Rights Reserved

(©ioMosaic Corporation



11

A LAMINAR BURNING VELOCITIES FOR SELECTED MATERIALS

‘[¥] pue [¢] 01 Surp10doE *PQ Je ¢ JOJ PAJRINO[Ed A1k ¢ puk L sjuduodxy

81°0- 0TT L6°0 09°'LT 0£'ST | OV'LT | 00°LT | 08'4C oprio[yo [Adoxdosy
61°0" YTT | €60 0S°8C 0IvT | 0S'LT | 0£'8C | OL¥T opuo[yd [£doiq -u
LT°0- LT'T 10°1 09°0€ OL'LT | 086T | 09°0¢ | 0S6C | 00°LT ourwe[Adordosy
LT°0 8I'C| 0071 0’ T€ 0£6T | O¥'6T | 08'I€ | 0F'CE | OV 1€ | OL'8T Surwe[Ayg
81°0- €TT 760 08¢ 09'9Z | 00°€E | 0S€E | 000 ueydeosows [Adoxdosy
61°0- LTT| 680 08°€€ 0962 | OF'Z€ | OL°EE | 00°€E | 09°0€ SpLIO[Y [V
LT°0 8I'CT| 0071 0S'¥¢€ 000C | 069T | 0STE€ | 0S+E | 08€E | 0L0E | 00T opuo[yd [Aing -u
91°0- €rel 901 08°8¢ 09'8C | 0T9¢ | 0L'8E€ | 0S8 | 0L9¢ | 0STE Surwe[AyoL],
91°0- S1'C 70’1 OF' Iy | 0THE | 009¢ | 0T8E | 090¥ | OC 1Y | 0T6E | OF'¥E [oyodre [Adoxdosy
S1°0- 1T 801 0v'0S | 0TTY | OF' vy | 0S'LY | 0T0S | 008y | 00Ty | 0SHE [oueyIoIN
LT°0 0zT| 860 0S'Ty 00€E | OFLE | 0TCTK | OSTY | 09'vE sudyuad-¢-[AyIoWIIL 77
91°0- 917 | €01 00'8% 06%€ | 09CF | 069% | 08'Ly | 09T | OI'SE QuRYURJ-Z-U
LT°0 8I'C| 0071 0T’1S 080r | OY9Y | 066 | OTIS | Ov'8 sug[Adoig
LT°0 8I'C| 0071 0€°CS 09'I¥ | OF'Ly | 060S | 0£TS | 0L0S | 089 oudydey--u
710" 00T | ¢TI 0TLS | O¥'SS | 069S | 00°LS | 00°SS | 09°6¥ | 09T suarpeing-¢*|
¥1°0- LO0T | P11 0STL 0019 | OTIL | 0TCL | 0TOL | 0999 | 009 sug[Adoig
009 | 00'TL | 00°CTL | 00°0L | 0099 | 00009 | 008y | 00°LE
¥1°0- 80C | €I 0S'€L | 0009 | 0S99 | 00°CL | 00°€L | 0089 | 00009 | 000S | 00°LE susAyiyg
00°SST 00°1ST 009€1 00°L01

710" 86'1 ST'1 00°SST | 00°ZST | 00'%ST | 00+ST | 00'IST | 00++I | 00°0€T | 00°LOT Qud[A1R0y

g o | Mg eQ | TG vl ! 4! ! 01 60 80 L0 [eorway)

maﬁ@ﬁomxm d Uﬁw L S \Eo Q@ :m. @ Oﬁwm ooﬁoﬁwz:—u‘m
[L] (are

ur O%H 9% Qow [¢'Q) wie [ pue arnjeradwd) [onj-Ire O 7 e S[AY[e paImnisqns pue suoqIedoIpAy pajeinjesun Jo SOIIOO[A Juruing :¢ 9[qe],

October 30, 2019

All Rights Reserved

(©ioMosaic Corporation



12

A LAMINAR BURNING VELOCITIES FOR SELECTED MATERIALS

‘[¥] pue [¢] 01 Surp10doE *PHQ Je ¢ JOJ PAJRINO[Ed A1k ¢ puk L sjuduodxy

S0 1T 801 00t 008 | 06'CY | 0S° €Y | 0€° T QueXayO[oAD)
91°0~ 91| €01 ot'St 00%€ | 00'T¥ | 09tY | 0E°SY | 0T°EP | 0F'8€E | 00° 1€ suejuado[oh)
91°0- SIT| 401 oY 9% 06'8€ | OF'EY | 08°SY | 009 | 0¥’y | 09°LE surwrus[Ayig
LT°0 8I'CT| 0071 0T’ Ly 00ZE | 09°0F | 0SS | 0TLy | OL'SY | 08' T | 00°9€ suarpepuadoA)
€ro- €0C| 611 09°'1S | 00'%¥ | 0T6F | 09°1S | 08°0S | 008 | 0T €Y uRINJOIPAYRNI],
61°0- YT €60 | 0L€S 0€Zr | 0S'IS | 09°€S | 00'IS | 08 ¥¥ uerkdorpAyena],
S1°0- 01z | OrI1 09°SS 00t | 0S°E€S | 09°SS | 0TFS | 00°67 | 09°0F suedoxdopoh)
S1°0- 1T 801 0L°SS | 00°2€ | 0SHY | 09°TS | 09°SS | 0SHS | 00°TS | OL'SY | 00°6€ ueikdoIpAyI(
91°0- Y1I'T| SO 00°L9 08°€S | 0S79 | 0799 | 0599 | 09°29 | 0€°€S | 09T+ oprxo dud[Adoig
710" 66’1 YTl 01°L9 | 0S'¥9 | 0899 | 0699 | 00'%9 | 08°LS | OF' LY | 099 opIxouow suarpeing
S1°0- 1T | L0 0S'68 | 00°€L | 0018 | 0T'L8 | 0S'68 | 0888 | 00°€8 | OL'OL | OT'LS opIxo aus[Ayig
91°0- 91T | €01 0T’ 09+ | 0TLE | 0TTY | 00°EY | 09°0F | OF'LE | 08°E€ suaydoryy,
LT°0 8I'CT| 0071 09'Lt 09°S€ | 0T0F | 08+Y | 09°'Ly | 09'SY | 0¥ 6€ Quazudyg
91°0- YI'T|  SO'T 0679 0009 | 0¥'29 | 0ST9 | 00°09 | 00°SS | 00'8¥ URIN,
g 0| UG RG | TG | ] ! 4! 'l 01 60 | 80 | LO [eorway)
maﬁ@ﬁomxm d Uﬁw L m\ao Q@ :m. @ Oﬁwm ooﬁoﬁwz:—u‘m

[L] (are ur OTE 9 9[ow [¢°(Q) Wik | pue arnjeradwad) [ang-I1re O ¢z Je spunodwo)) J1[0Ad pue spunodwod dnewore Jo sanI0o[A Suruing 4 9[qeL,

October 30, 2019

All Rights Reserved

(©ioMosaic Corporation



13

‘[¥] pue [¢] 01 Surp10doE PG Je ¢ JOJ PAJRINO[Ed A1 ¢ puk L sjuouodxy

October 30, 2019

All Rights Reserved

61°0" 9zT| 060 06'0¥ 0£TE | 01'6€ | 060F | 0T6E | 08¢ opy[ns ua30IpAH
90°0 Y€1 50T 00ZS | 00°8€ | 08'¥€ | 00CE€ | 0S'8C opIxouow uoqie)
61°0- STT 160 0v'6S | 09°TS | 08°CS | 00SS | 00°LS | 08'8S | 0v'6S | 00'8S | 09°0S Spy[nsIp uogie)
00°S+T | 00°0€Z | 00°0TT | 00°L8T | 00°0ST | 00 +CI

10°0 ¥S'1 081 00°SZ€ | 00062 | 00°ETT | 00°SFT | 00+¥0T | 00'0LT | 00°SHT | 00°0ZT | 00701 ua301pAH
91°0- SIT| 401 0r'0S | 0S'SE | 002k | 0S9% | 09°6v | 000S | 089¥ | 00 IH oprxoxad [A1ng- 119)-1(7
LT°0 8I'CT| 0071 00°€€ 08+¥C | 01°0€ | 00°EE | 06'IE€ | 066C opy[ns [Ayjowi(y
91°0- €re| 901 06'8€ 0T1€ | 009€ | 09'8€ | 0£'8€ | 0S'SE | 0L0¢ 1y30 [Adoxdostiq
S1'0- 01'z| OI'1 00'8% 0€cy | 099% | 00'8% | 09°9% | 0T€r | 0T8E | 0S°TE SuB oW AXOYIWI
91°0- YI'C|  SO'T 0T’ 8t 00ZE | OFOY | 09°Ly | 00'8¥ | OV’ €y | 00°LE | 09°0€ Y12 [Ayperq
LT°0- 61| 660 09'8% 09Ty | OF'SY | 0S'LY | OF'SY | 09°Ly | 08t Y10 (AW
LT°0 8I'CT| 0071 00°LE 00°0€ | 09°SE | 00°LE | 0T'SE | 0L0¢ ayeyaoe [Ayig
¥1°0- 80T | €I 0Ty 0TSE | 09T¥ | OI'Ch | OF'I¥ | 08°6€ | 099¢ | 006C o1e1008 [AUTA
LT°0 61| 660 o' st 0T€E | OLLE | OS'TY | OSEy | 002k | 009¢ Qu0dY [AYI0 [APRIN
61°0- Y27 | €60 o' vt 078 | 09Ty | 0THY | 0¥ 0F SU0)OY
91°0~ v1'T| SO 0Ty 000€ | 009€ | OF'I¥ | OF'I¥ | 00°SE | 099 opAyapreleoy
91°0- €Ic| 901 000S | 0TLE | 09'TF | 009% | 0S6¥ | 006 | 0+ | 0S'LE opAyapreuordoig
81°0- Wl S60 0T'L9 0S9S | 06°S9 | 0999 | 00'8S | 00°L¥y UR[OIY
LT°0 8I'CT| 0071 0£°0S 00SE | 00'T¥ | 0S9F | 0€0S | OF'LY | 00Ty | OL¥E | QUBIISAXOUIQ[AYIROWILIL,
LT°0 LTT 10°1 0T'8S 0S'Ly | 0S¥S | OL'LS | 0T'8S | OS'LS | 0S'6v | 0S6€ SuB[IS[AyRURIRY,

g o | Mg e | g 7'l ! 4! I'l 01 60 80 L0 [eorway)

maﬁ@ﬁomxm d Uﬁw L m\ao Q@ :m. @ Oﬁwm ooﬁoﬁwz:—u‘m

A LAMINAR BURNING VELOCITIES FOR SELECTED MATERIALS

[L] (e ur OFH 9 d[ow [¢°0) wie
I pue arnjerodwa) [anj-Ire ) ¢ 1B SOIURSIOUl pue ‘sopIxotad ‘SIOUIQ ‘SISO ‘SUO0IAY ‘SOPAYIPIR ‘SQUR[IS PIJII[AS JO SANIDO[RA Juruing :¢S dqel.

(©ioMosaic Corporation



14

A LAMINAR BURNING VELOCITIES FOR SELECTED MATERIALS

‘[¥] pue [¢] 01 Surp10doE *PQ Je ¢ J0J PAJRINO[Ed A1 ¢ puk L sjuduodxy

91°0~ SIT| $0°1 01°9% 0L9€ | OL'OY | 0S'S¥ | 08'S¥ | 09'¢y | 00°0F oprureuLIoy [Aypowi(
LT°0 0zT| 860 089t 00ZE | OL'LE | 06CF | 099% | OV'SY | 0S'T¥ sur[uy
LT°0 8I'CT| 0071 0L9S | OT°€y | 008% | 08TS | 01°9S | 099S | 09°SS | 00°TS S[oLIAd
LT°0 0zT| 860 0T'8S 0S'0S | 0S€S | 08LS | 089S | 0T0S SUB}00-08]
61°0- YTT | 60 0’19 00'8C | 009% | OTLS | OF'19 | 08'LS | OS'TS SUBRYISONIN
81°0- Wl S60 00°€9 00°0S | 099§ | 0179 | 0ST9 | 0£'8S | 0S'8¥ susuld
LT°0 8I'CT| 0071 0S'€9 | 0L9€| 002y | 0S6F | 006S | 0S€9 | 0979 | 088S | 00FS QLNIU [APH
LT°0 8I'CT| 0071 08°€9 | 088E| 0T9F | 08°€S | 0S6S | 08€9 | 0S'8S | 000S | 0S'TH sueydoy-u
91°0- 91| €01 089 Ov'LE | 000S | 00°€9 | 09°'%9 | 0029 | 09°9S | 00'6¥ [oyooe [Adoid- u
91°0- YI'C| SO'T 0679 | 0Ty | 0£6% | 00LS | 0029 | 0019 | 00°SS | 00°0S ouejud]-U
S1°0- 01z| OrI1 00°0L 0T'8S | 0099 | 00°0L | 0989 | 00°S9 | 0S'6S | 00°€ES uripAyoro[yordy
S1°0- 01z| OrI'1 00°0L 0079 | 00°0L | OL'L9 | 0S'€9 | 00°6S | 0S'HS | aprxouow UBXayo[oLk)
91°0- v1'T| SO 0t'0L 0TS9 | 0L°69 | 00069 | 00°€9 | 00°9S | 0S 6% SAOSO[[90 [AyIRI
S1°0- 21T| 801 0TTL | 088y | 008S | 0¥99 | 00ZL | OTIL | 0699 | 0S°8S | 00°0S [ouByIO]N
61°0- STT 160 0LTL 00S9 | 0£0L | 09°CL | 00°L9 Y [Aing- u
LT°0 8I'CT| 0071 Ov'8L | 0TT9| 0099 | 00TL | 0SSL | OV'8L | 089L | 0STL | 009 Spy[nsIp uogie)
710" 007 | ¢TI OI1'T8 | 0L9L| 0708 | 00718 | 0£6L | 00EL | 0S¥9 | 00°'LS | OF IS | Oprxouour dudrpeing
LT°0 8I'CT| 0071 0t'98 0€ZL | 00°€8 | 0¥'98 | 00'%8 | OE'LL | 0T0L orenu [Ayyg
91°0- YI'T|  SOT 0€L8 | 0SS9| 00LL | 008 | 00°L8 | 00°L8 | 0£€8 | 00°EL | 0079 [eanging
LT°0 0zT| 860 Ov'v6 | 0L°€8 | OF'L8 | 0L06 | 00€6 | 0S¥6 | 0TE6 | 0S°06 | 0ELS s QUIZBIPAY
S1°0- 112|601 06'L6 | 0SIL| 00¥8 | 006 | 0816 | 0996 | 00°€6 | 0298 | 00¥L oprxo dud[Adoig
S1'0- 1T 801 0S'01T | 00°S8 | 00°SOT | 08'80T | 0S'OIT | 00'0TT | 00°00T | 08°9L [oyoore [A3redoig
g 0| Mg ed | TG | ] ! 4! ! 01 60 80 | L0 [eorway)
maﬁ@ﬁomxm d Uﬁw L m\ao Q@ :m. @ Oﬁwm ooﬁoﬁwz:—u‘m

[L] (Ire ut OCH 9 90w [¢°() wie | pue arnjeradwad) [ong-I11e D )| I8 S[oNJ SNOLIBA JO SONIOO[RA uruing :9 J[qel,

October 30, 2019

All Rights Reserved

(©ioMosaic Corporation



REFERENCES 15

References
[1] G. A. Melhem. A detailed method for the estimation of mixture flammability limits using
chemical equilibrium. Process Safety Progress, 16(4), 1997.

[2] A. N. Gutkowski. Quenching distance and quenching diameter ratio for flames propagating
in propane/air mixtures. In International Conference on Heat Transfer and Fluid Flow, num-
ber 36, 2014.

[3] M. Metghalchi and J. C. Keck. Laminar burning velocity of propane air mixtures at high
temperatures and pressure. Combustion and Flames, 38:143—154, 1980.

[4] M. Metghalchi and J. C. Keck. Combustion and Flames, 48:191-210, 1982.

[5] R. P. Wilson and M. F. Flessner. Design criteria for flame arresters. In 84th AIChE National
Meeting. American Institute of Chemical Engineers, AIChE, 1978.

[6] M. Davies. Protect your process with the proper flame arrester. Chemical Engineering
Progress, pages 16-22, 2013.

[7] Gibbs and Calcote. Journal of Chem. Eng. Data, 4:226, 1959.

(©ioMosaic Corporation All Rights Reserved October 30, 2019



About the Author

Dr. Melhem is an internationally known pressure relief and flare systems, chem-
ical reaction systems, process safety, and risk analysis expert. In this regard he
has provided consulting, design services, expert testimony, incident investiga-
tion, and incident reconstruction for a large number of clients. Since 1988, he
has conducted and participated in numerous studies focused on the risks associ-
ated with process industries fixed facilities, facility siting, business interruption,
and transportation.

Prior to founding ioMosaic Corporation, Dr. Melhem was president of Pyxsys Corporation; a
technology subsidiary of Arthur D. Little Inc. Prior to Pyxsys and during his twelve years tenure
at Arthur D. Little, Dr. Melhem was a vice president of Arthur D. Little and managing director
of its Global Safety and Risk Management Practice and Process Safety and Reaction Engineering
Laboratories.

Dr. Melhem holds a Ph.D. and an M.S. in Chemical Engineering, as well as a B.S. in Chemical
Engineering with a minor in Industrial Engineering, all from Northeastern University. In addition,
he has completed executive training in the areas of Finance and Strategic Sales Management at
the Harvard Business School. Dr. Melhem is a Fellow of the American Institute of Chemical
Engineers (AIChE) and Vice Chair of the AIChE Design Institute for Emergency Relief Systems
(DiERS).

Contact Information

Georges. A. Melhem, Ph.D., FAIChE
E-mail. melhem @iomosaic.com

ioMosaic Corporation

93 Stiles Road

Salem, New Hampshire 03079
Tel. 603.893.7009, x 1001
Fax. 603.251.8384

web. www.lomosaic.com



ioMosaic”

BEM

Minimizing risk. Maximizing potential.®

US Offices

New Hampshire (Salem) —
Headquarters

Texas (Houston)
Minnesota (Minneapolis)
California (Berkeley)

International Offices

Kingdom of Bahrain (Al Seef)
United Kingdom (Bath)

Software Solutions

Process Safety Enterprise®

Centralize the process safety
management lifecycle to accelerate
business goals

Process Safety Office®

Identify, evaluate, and control
process hazards with tools used
by process safety consultants

Process Safety L earning®

Build your process safety
competencies incrementally with
online training

Process Safety tv®

View, share, and discuss PSM

worldwide on a secure platform

Contact Us
www.ioMosaic.com
sales@ioMosaic.com

1.844.ioMosaic

About ioMosaic Corporation

Through innovation and dedication to continual improvement, ioMosaic
has become a leading provider of integrated process safety and risk
management solutions. ioMosaic has expertise in a wide variety of areas,
including pressure relief systems design, process safety management,
expert litigation support, laboratory services, training and software
development.

As a certified ISO 9001:2015 Quality Management System (QMS)
company, ioMosaic offers integrated process safety and risk
management services to help you manage and reduce episodic risk.
Because when safety, efficiency, and compliance are improved, you can
sleep better at night. Our extensive expertise allows us the flexibility,
resources, and capabilities to determine what you need to reduce and
manage episodic risk, maintain compliance, and prevent injuries and
catastrophic incidents.

Our mission is to help you protect your people, plant, stakeholder value,
and our planet.

Consulting Services

o Asset Integrity o Process Hazards Analysis (PHA)
e Auditing and Due Diligence e  Process Safety Management (PSM)
e Combustible Dust Hazard e Reactive Chemicals Evaluation

Analysis and Testing and Testing

e  Facility Siting o Relief and Flare Systems Design
o Fault Tree/SIL/SIS Analysis and Evaluations
e  Fire and Explosion Dynamics e Risk Management Program

e Incident Investigation, Litigation Development
Quantitative Risk Assessments
(QRA)

Software Solutions

Support and Expert Testimony .
e Liguefied Natural Gas Safety
e Pipeline Safety .

e  Process Engineering Design and

Structural Dynamics

Support e Training

Laboratory Testing Services (ISO accredited)

e  Chemical Reactivity o Battery Safety

e  Combustible Dust o  Specialized Testing


https://content.jwplatform.com/previews/x0wDL4as-kNAB0RVJ
https://content.jwplatform.com/previews/KNJSPcPU-kNAB0RVJ
https://content.jwplatform.com/previews/CSalsIcC-kNAB0RVJ
https://content.jwplatform.com/previews/T4MRZzHG-kNAB0RVJ
http://www.iomosaic.com/
mailto:sales@ioMosaic.com
https://iomosaic.com/
http://iokinetic.com/
https://content.jwplatform.com/previews/x0wDL4as-kNAB0RVJ
https://content.jwplatform.com/previews/KNJSPcPU-kNAB0RVJ
https://content.jwplatform.com/previews/CSalsIcC-kNAB0RVJ
https://content.jwplatform.com/previews/T4MRZzHG-kNAB0RVJ



