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In this presentation we will learn about useful fundamental
SuperChems explosion building blocks and models

. 4 : . . Vapor Cloud Explosion: TMT Equivalence
¥ Equilibrium calculations for multiphase and hybrid Vapor Cloud Explsion: TNO Shoccnave
Vapor Cloud Explosion: TNO Multienergy
Vapor Cloud Explosion: Baker-5trehlow

systems to represent the flame font

Vessel Burst: Vapor

Weszel Burst: Two Phase

' Single V0|ume deflag ration dynamiCS Vessel Burst: Fragment Trajectory

Vapor and Dust Deflagration in Vessels (Dynamic)

== Hugoniot. Last Executed: 11:18:07 AM, 5at Jan 08 2022

' Ran ki ne- _I ugon iOt mOdeI i ng to develop red uced v = 1D Explosion Dynamics. Last Executed: 03:37:19 PM, Fri Jan 21 2022

MNFPA-B3: Venting Deflagrations of Dusts and Hybnd Mixture

analytical models for 1D dynamics

MNFPA-B3: Venting Deflagrations of Gas Mixtures and Mists

High Pressure Relief Design for Vapor - Reduced Set Point

» Detailed 1D explosion dynamics

» Example Case studies
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This presentation iIs based in part on this recent ioMosaic

white paper (available for download)
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This presentation is also based on this additional recent

ioMosaic white paper (available for download)
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Case Study A — One Dimensional Explosion Dynamics




It is best to illustrate the use of SuperChems one-dimensional (1D)
explosion dynamics using an example

» Flow starts at the right boundary at 10 ms o3
and is terminated at 100 ms Z: Flow Boundary
» Flame 1 ignites at 15 ms and starts at 02
location 12.9 m and propagates to the left & ' a1 - Flame 2
¥ Flame 2 ignites at 25 ms and starts at : _0_? .
location 0.1 m and propagates to the 02
-0.3 5
right o4
» Both flames are allowed to accelerate in 08 AR T -
the piping starting with laminar burning Aal Distance. m
ioMbsaic -



We notice that one of the flames accelerates from a deflagration to a
detonation (DDT)

]
E 1D Explosion Dynamics Data = » > CAZTEMPYWRUN-E-0-1000.0UT

J SELECT

System Tools

10
S

Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11
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Captured with Snagit 13.1.7.8036  

Microphone - Microphone (Logitech Wireless Headset)






Notice the flames proceeding towards the change in flow area

) A ) ®
Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11 l o M osa l C 9



Captured with Snagit 13.1.7.8036  

Microphone - Microphone (Logitech Wireless Headset)






There is nothing simple about what is happening inside this
piping configuration during the explosion

°® A o ®
Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11 I O M osa l C 10



Captured with Snagit 13.1.7.8036  

Microphone - Microphone (Logitech Wireless Headset)






The explosion imparts substantial dynamic loads on the piping

100000 -
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\/‘ "f\* - e

20000 - v
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The initial mass flow was not sufficient to provide any kind of
meaningful venting or pressure relief

2]

1.5-

Volumetric Flow Rate. m3/s
|

0.5

0 200 400 600 800 1000 1200
Time. ms

. . . ® A ® _p
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The flame acceleration methods used are semi-empirical and based
on actual measurements

2000

Flame 1
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0 e
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Time. ms

. . . ® A ® _p
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Both flames proceed in opposite directions and meet at 5 m

1
1 EI 1D Explosion Dynamics Data » == CAVZTEMPYWRUM-E-0-1000.0UT X
i Uzer Tools
T \ | J sELECT % — % % %
. Maximum and  Awial Locations  Temperature  Animate Flow  Fait). Dynamic
| | Minimum Pr... Slide Show Impulse Load Histony
. | I
] x - =
= 10 - Flame 1 |£ |£ |£ L
1 Cywtem Tool Pressure Slide  Time Intervals  Flow Impulse  Animate Density Pressure
. ! s Show Slide Show Impulse Loa...
C -1 ; ‘
o
2 o [ - Vo
()] i : |
Q | Differential ~ Write .TXT file Animate Animate Mass Explosion
3 - — l't loading on ends C5V) Pressure Flow dynamics Da...
0 > & i &
= = @
(4] . ‘ P.T.u.lvs. Generate Animate Animate Vapor  Differential
E | Distance Restart Data Velocity Cuality Mass Flow
| oyl |k ko= R
1 & P.T.u.lvs. Velocity Slide Animate Truncate Data
Time Show Temperature
T |
| Flame 2
| ‘fi&», DONE H
)
0 1 1 1 1 I 1 1 1 1 | I 1 1 1 1 1 I 1 1 | 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 | 1 1 I 1 1 1 1 1 I | 1 1 1 1 1 1 1 1 1 |
Time. ms

© ioMosaic Corporation

ioMosaic” *

Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11



Flame acceleration is modeled based on a semi-empirical
correlation

Figure 5: Comparison between measured and calculated flame speeds [ 18] using Equation 23

200 2
+  Methane - Bartknecht, 1971 ’
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Pu
Pb

Figure 4: Flame speed of flammable materials in a 0.15 m diameter tube [ 18]

Flame speed (m/s)

[18] M. Silvestrini, B. Genova, G. Parisi, and F. J. Leon Trujillo. Flame acceleration and ddt run-
up distance for smooth and obstacle filled tubes. Journal of Loss Prevention in the Process
Industries, 21:555-562, 2008.
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Case Study B - Single Volume Explosion Dynamics for an
Energetic Dust




We consider the explosion severity data for an energetic dust
measured in a 20-liter sphere

4

4

Dust contains an inert material

Data reported included K, P,,.,, and
dP/dt ..

Data included tests for 500, 750, and

1000 g/m? dust concentrations

Explosion severity parameters were
established at an initial temperature
of 25 C and an initial pressure of 1

bar

© ioMosaic Corporation

Measured
Predicted

Measured
Predicted

Mesured
Predicted

Material A

Material B

Concentation Concentration Material B
(o/m3) Mass (g) Pmax (bar) dP/dt (bar/s) Kst (bar.m/s)

(g/m3)

500

730

1000

200

300

400

3.931

5.900

1.874

6.88
1.73

1.04
6.95

6.93
6.92

274
2325

2628
2623

2995
3041

617
627

13
709

813
821

Equivalence
Ratio

1.966

2.946

3.704

Flame
Temperature

Sfo (C)
210 1383
2.15 1234
3.25 1158

ioMosaic”



We simulated the 20-liter dust explosion dynamics for 500, 750, and
1000 g/m?* concentrations

1000 — 105
900 9
800 £ 8—%
700 —
©  600— C
£ i 8 67
8 500 X
+ i £ 5 =
(2} ] o =
X 400
i 4=
300 7 E
200 1 ® Measured 35 ® Measured
. — Predicted E — Predicted
100 23
0 I 1 1 I I I I | \\\\\\\\\ | YYYYYYYYY I YYYYYYYYY | \\\\\\\\\ | 1 = T 'I 111111111 ‘ T T T T T T T " 1 111111111 '| 111111111 '|
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration. g/m3 Concentration. g/m3

: : : ° v ® @
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Excellent agreement is obtained between measured and predicted
data

4000 —

¥ The estimated laminar burning

velocity was found to have a linear 4
dependence on equivalence ratio:

S, = 0.80 + 0.67 * @

2000 —

dP/dt max. bar/s

1000 —

» The measured data contains fuel : ® Measured
| Predicted

rich compositions (500, 750, and o
1000 g/m?3)

Concentration. g/m3

The average temperatures of interest in the process are > 300 C. As a result, the measured
dust data can only be used for explosion venting using the temperature dependent burning
velocity model established by the model above.

) A ) ®
Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11 I o M osa l C 19



This simulation of the explosion process in the 20-liter sphere with
750 g/m?3 shows the compression and flame acceleration

12E0 Combustion Products
i/ Flame Front
& 1000
U]
o
=
<C
o ]
LLI
L ]
E —
LIJ -
= 500 —
) Reactants
] y,
_ P
0 _'i_'i__; i 1 i i i i 1 i i 1 1 'l ] ] ] ] 'l 1 1 1 1 'l ] ] ] 1 'l 1 1 1 1 'l ] ] 1 1 'l 1 1 1 1 '| ] 1 1 1 'l
0 5 10 15 20 25 30 35 40 45 90
TIME. ms

. . . ® A ® _p
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The developed model is then used to obtain the maximum
permissible equipment dust loading

¥ Volume =0.05 m3; T, =300 C; P, = 1 bara;

: : 5 Without venting
Two 10 cm OD open pipe connections ;

» The pressure built up during an explosion “' /

will be less than 1 barg with a dust With two 10 cm open pipe

/ connections

concentration of 100 g/m? 2* / /

» NFPA-68 allows a maximum deflagration P/L/\

pressure such that 2/3 of the ultimate

Pressure. bar

tensile strength of the vessel metal is not 0 10 20 30 40 50

Time. ms

exceeded

. . i ° A e
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Case Study C - Single Volume Explosion Dynamics for an
Energy Storage System




A runaway reaction in a lithium-ion battery can lead to the formation
of flammable gas

Composition
{(Vol %)

36.2
221
Ny

~10%

zas

CO
CO,
He

Hydrocarbons

mu y 2 Lower Flammability Limit (LFL) =
. = 8.5%
' "- pa - Burning Velocity (=,) 33 cmisec
2 500 Cell Level Test ‘ Sl
ell Level Testing Apparatus . . .
% Separator This burning rate model was obtained
400 . : . :
g Failure/Internal from published data (Tables provided in
E 200 Short Circuit companion white paper)
2 7 C/min
200 "\ Thermal
= Runaway
100 ..........
0 3 10 15 20 25 30 35

Source: Barowy A, "Large Scale Testing of Energy Storage Systems; Fire Protection and
Response Considerations", March 2019

Time [min]
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Typical burning velocities of saturated hydrocarbons at 25 C air-fuel

temperature and 1 atm in air

Equivalence Ratio ¢ Sy 1n cm/s T and P Exponents

Chemical 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 | Spar |0t S, | @ 3
Ethane 30.60 | 36.00 | 40.60 | 44.50 | 47.30 | 47.30 | 44.40 | 37.40 | 47.60 1.14 2.07 -0.14

22.00 | 29.00 | 36.50 | 42.50 | 43.00 | 42.50 | 40.00 | 27.50
Propane 42.30 | 45.60 | 46.20 | 42.40 | 34.30 46.40 1.06 2.13 -0.16

24.00 | 32.00 | 39.50 | 44.00 | 45.00 | 43.50 | 37.00 | 28.00

23.00 | 30.00 | 37.00 | 39.00 | 41.00 | 40.50 | 33.50 | 25.00
n-Butane 38.00 | 42.60 | 44.80 | 44.20 | 41.20 | 34.40 | 25.00 | 44.90 1.03 2.16 -0.16
Methane 30.00 | 38.30 | 4340 | 44.70 | 39.80 | 31.20 4480 1.08 2.12 -0.15

20.50 | 28.00 | 36.00 | 40.50 | 42.00 | 37.00 | 27.00 | 17.50

17.00 | 25.00 | 33.00 | 38.00 | 38.50 | 34.00 | 24.00 | 13.50
n-Pentane 35.00 | 40.50 | 42.70 | 42.70 | 39.30 | 33.90 43.00 1.05 2.14 -0.16
n-Heptane 37.00 | 39.80 | 42.20 | 42.00 | 35.50 | 29.40 42.80 1.05 2.14 -0.16
2,2, 4-Trimethylpentane 37.50 | 40.20 | 41.00 | 37.20 | 31.00 | 23.50 41.00 0.98 2.20 -0.17
2,2, 3-Trimethylpentane 37.80 | 39.50 | 40.10 | 39.50 | 36.20 40.10 1.00 2.18 -0.17
2,2-Dimethylbutane 33.50 | 38.30 | 39.90 | 37.00 | 33.50 40.00 0.98 2.20 -0.17
Isopentane 33.00 | 37.60 | 39.80 | 38.40 | 33.40 | 24.80 39.90 1.01 2.17 -0.17
2,2-Dimethylpropane 31.00 | 34.80 | 36.00 | 35.20 | 33.50 | 31.20 | 36.00 1.10 2.10 -0.15

Exponents a and 3 are calculated for ¢ at S,,,,, according to [10] and [11]

ioMosaic” *



Dynamic modeling of a deflagration in a 33 m? Energy Storage
System (stoichiometric composition) provides an estimate of
maximum expected pressure during venting

27

1.5-
' Fast acting rupture disk

2
w Cqy =0.6
> 17
7))
i _ .
05- Ventarea  =22.5 ft?
0 _ rr+t+ 1+t 11 rrJrrrrr . rrrrrrrr~rrrrrrrr&ror 1]
0 200 400 600 800 1000
TIME. ms

. . . ® A ® _p
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One Dimensional Explosion Dynamics with SuperChems




When an explosion occurs in a vessel that is interconnected to
another, pressure pileup can occur with significant severity

14 -
A 5 | H\ ——— Primary chamber
10 - ‘ \ — Secondary chamber

E .
E 8 7 LLL\H
o Deflagration in primary \k\
= hamb
E 5 . chamber Lwh
9 \ e ——— Jw H‘L"t
0 Lr"”IMJ 1 m—mhwh'[l’ N
4 - . ;’“MI WVJJ Himmﬂ‘ﬂﬂ“—ﬂ'.*r,-mmWr HWH
i y R S,
/ N@ﬂwwmvi\\\ Compression of unb ﬁkt&%h*ﬁﬂ% )
y pression of unburnt = S
2 - r”l le"mi reactants in secondar %WJU‘L'H”;WRET— ,
i ' B
L MPJ{W chamber —
IIIIII r"'ﬂ Mw_.lﬂﬂh'm
0 i R I I I I I I I I I 1
0 20 40 60 80 100 120 140 160 180 200 220
Time [ms]

© ioMosaic Corporation Source: Rogstadkjernet L., "Combustion of Gas in Close, Interconnected Vessels: Pressure Piling", Masters Thesis, University of Bergen, 2004 io M Vosa i C® 27



Working fluid — heat addition reduced models can be derived from
steady one-dimensional flow equations

Steady One Dimensional Flow The Rayleigh Line Equation The Rankine-Hugoniot Equation
€y — € ! (P + Pp) (v1 — v9)
Tacce . ), 2 —er = (2 1) (V1 — U2
Mass: (pru]” = [pous)’ = B - h whichis always > 0 2
vy — Vg
piuy = Py 4
4
Momentum: o Strong Detonation
?
[
P +piui = P+ pous > g Excluded
4 Allowed Excluded o
Energy: o Upper CJ Point
1, 1, _
hi + —uy; = ho + —u; > \Weak Detonation
2 2 ° fsupersonlc Combustion)
P _ /
Excluded Allowed :
E E \\>O Weak Deflagration
: . p TN/
V, Volume :

© ioMosaic Corporation ioM'osaiC(@ 28



Constant volume and CJ conditions can be estimated from these
simple relationships

CJ Conditions Constant Volume Conditions
P 1+ M2

“C6J _ +. Uil &Y > Toaz = To+v(Ty—To) =~T¥

2) 7 +1 Moy = \[H+1+=H+17 -1

2

Tes _ [E 1 ] -1

pPcs o V2 | \To | To

20 Pey ¢

ue P

E = Moy or uoy = u Meg Foy =~ 2Bne

Co £0 T Q»}f T

oJ — (ﬁ) LT

Table 1: Rankine-Hugoniot Curves Regression Data (stoichiometric combustion)

Heat of Combustion | Heat of Combustion | Best Fit for | Best Fit for

Fuel MlJ/kg fuel h. MJ/kg mixture h/ P1Vy Qren=Qren/P1V1 | v

Hy 120.00 3.40 28.86 33.89 1.173
CHy 50.01 2.74 30.90 39.27 1.202
CoHo 48.22 3.38 39.12 44.779 1.195
CoHy 47.16 2.99 3491 43.29 1.199
C,H,O | 28.69 3.24 40.78 47.27 1.203
CsHg 46.35 2.78 35.68 47.42 1.208

© ioMosaic Corporation iOMbsaiC® 29



Useful data can be derived from chemical equilibrium estimates before
any testing and/or dynamic modeling is performed

|
‘ | — .
' Rankine-Hugoniot Diagram i
| -
' g g 4| |/ Summary * Profiles
: A B C D E F G
O ' 1 [**Hugoniot / METHANE CCMBUSTICN |
] .
— ' Strong Detonation 2
' 1 Initial Constant Constant Upper CJ Lower CJ M
- ' 3
m : Conditions Pressure Volume
7] ' E | d d 4 |METHANE. kmol 10.0000 0.0000 0.0000 0.0000 0.0000 16.0428
D . Xciuae 5 |OXYGEN. kmol 18.85000 0.0464 0.1994 0.3698 0.0040 31.9988
— ! 6 |NITROGEN. kmol 71.1000 71.0658 70.9463 70.8086 71.0945 28.0135
CARBON MONOXIDE. kmol 0.9091 0.9091 0.9081 0.9091 28.0104
: 1
] s, . 10 HoUE0E o, UH0H o5, 0E0N qHoUE0H LT
. 8 |CAREON DIOXIDE. kmol 9.0809 89,0809 §.09089 §.0808 44,0098
' WATER. kmol 18.5481 18.0029 17.3865 18.6902 15.0153
9
' Upper CJ Point 10 |NITRIC OXIDE. kmol 0.0683 0.3072 0.5825 0.0108 30.0061
' 11 |NITROGEN DIGXIDE. kmol 0.0000 0.0001 0.0002 0.0000 46.0055
' 12 |ZMMONIA. kmol 0.0000 0.0000 0.0000 0.0000 17.0306
: 13 |NITRIC ACID. kmol 0.0000 0.0000 0.0000 0.0000 63.0129
' . 14 |HYDROGEN. kmol 1.4519 1.9971 2.6134 1.3098 2.0159
' \Weak Detonation 15
' ((supersonic Combustion) 16 |CLRECN-REF. kmol 0.0000 0.0000 0.0000 0.0000 12.0110
' 17
]
' 18 |Temperature. K 29%.0000 2263.6497 2704.5169 2953,1210 2003.4541
. 19 |Fressure., bara 1.013z2 1.0132 49,3294 18.2150 0.4487
]
20
|
' >0 21 |T/To 7.5961 9.0756 9,9098 £.7230
' Weak Deflagration 22 EB/Po 1.0000 9.2074 17.9768 .4429
[ 2} |Expansion Ratio at Fo T.6858
]
P IS 24
1 ' : Lower CJ Point 25 |Total mass. kg 2756.9652 2756.9652 2756.9652 2756.9652 2756.9652
' ' 26 |Total moles. kg-mol 100.0000 101.1805 101.4530 101.7611 101.1094
' : Strong Deﬂagration 21 |hwverage Molecular Weight. kg/kg-mol 27.5697 27.2480 27.1748 27.0925 27.2671
Excluded ' 28 |Total volume. m3 2445.2688 18793.8689 2445.2688 1371.7047 37533.1144
. ' 29 |Total enthalpy. MJ -748,9470 -748,4574 1284.6269 2533.8720 -1877.4722
' : 30 |Total entropy. MJ/K -0.8075 £.5246 5.4429 5.2886 6.6398
' ' 3
— ]
P - O ; L > 32 |Speed of sound in gas. m/s 353.0483 929, 0435 1015.0350 1061.7637 875.2958
[ \ 33} |Particle welocity. mis 1045.7250 06,6945
E V1 VOIUI I Ie M |Shock velocity. mfs 1864.1612 55,0708
35
]

. . . ® A ® _p
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It has been observed that steady premixed gas detonations tend to
propagate at the upper CJ conditions

- : . 100 - .
» Deflagration waves are influenced by finite ; PPoforupper
| Pressure ratio at constant pressure
Pressure ratio at constant volume
Chapman Jouguet pressure ratio P/Po

reaction and transport rates and are not as
reliable as CJ detonation velocities

10

» A CJ detonation corresponds to an

P/Po

Increase In pressure and a decrease In

specific volume and is a compression wave

» A CJ deflagration corresponds to a

0.1

decrease in pressure and an increase in A,

V/Vo

specific volume and is an expansion wave

. . . ® A ® _p
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The Rankine-Hugoniot data is used to develop simple working fluid
models for explosion dynamics

h, Specific Enthalpy

Xn

h,, real gas

Working fluid
hy=C, T

1+-3

T = 1o5

J— £I?‘.I".]",".H’. - _I_

. 4y —+1
— — 113 — ] g
Qran Pruy ) |:."~ 2 (y+1)? v—1

]
—
o

Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11

25 7 ® p/Po for upper Hugoniot
- . . i Predicted upper- b1= 0.105, b2= 8306, gama= 1233 Q= 3145 MJ/kg-mix
I Worklng ﬂL”d ] ® P/Po for lower Hugoniot
‘ h2 — C T _ Q _ Predicted lower: b1= 0.105, b2= 8.306, gama= 1.233, Q= 3.145 MJ/kg-mix
p2 rxn ]
h ¥} [** Best Cp/Cwv Model Fit
e 20 - 37 |Beta 1 0.1045
. 38 |Beta Z 8.3055
T 39 |Cp/Cv 1.2335
i A) |Average molecular weight 27.5697
- 41 |Initizl speed of sound. mfs 332.5406
7 42 |Imitial mass density. kg/m3 1.1275
: 43 |0 - Total Heat EReleased. MJI kg of mixture 3.1453
15 1 44 |g = o/P1V1 34.9988
] 45
] A6 |Predicted upper CJ Mach Humber 5.8176
h real gas D? . 4T |Predicted upper CJ pressure ratio 17.8757
21 - ] 48 |Predicted upper CJ wvelocity. mis 1870.3287
o ] 49 |Predicted upper CJ mass density. kg/m3 1l.89804
E 5 |Predicted upper CJ temperature. K 3017.4641
] 21
10 - 52 |Predicted lower CJ Mach Number 0.1780
1 53 |Predicted lower CJ pressure ratio 0.4852
] 54
4 55 |Last Executed: 11:18:07 AM, Sat Jan 08 Z0ZZ
h. .
5 ]
T, Temperature ]
0 T T 1 T T T T T T 1 T T T T 1 T I

20 30 40 50
V/Vo
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We should notice some unique 1D fluid dynamics features of the

partial differential equations shown below

Energy

Continuity
. 1 a1 - Min
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Momentum
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SuperChems Single Volume Explosion Dynamics




SuperChems includes several fundamental building blocks for

explosion dynamics

E SuperChems Enterprise, Sc= METHANE COMBUSTION, Ch= METHAME COME, Im= Ciztempimethane combustion.cor- [ ]
Files Define Apply Flow NetFlow Control Disperse  Burn  Explode  Report  BatchQ  Properties VLE Tools OQRA  Scripts

=

loaded project file:

C:h\ztempi\methane combustion.cor
2 processors allocated

METHANE COMB. Maximum Number of Independent Reactions and Stoichiometry:
5 atoms x 12 components

Atom Matrix (Input): H,C,0,N, cl

0.0o000 1.0000 O0.0000 O.0O000 O.0CO0O0 C, CARBON-EREF
4. 0000 1.0000 O0.0000 O.0O00 O.00CO0O0 CH4, METHANE
0.0000 O.0000 2Z.0000 0.0000 0.00O00 02, COHYGEN
0.0000 O.0000 0O.0000 2.0000 0.00O00 N2, NITROGEN
0.0000 1.0000 1.0000 0.0000 1.0000 C0O, CARBON MONOXIDE
0.0000 1.0000 2Z2.0000 0.0000 -0.1000 C0OZ, CARBON DIOXIDE
2.0000 O.0000 1.0000 O0.0000 O.0COO0 H20, WATER
0.0o000 O.0000 1.0000 1.0000 O.0000 MO, NITRIC OXIDE
0.0o000 O.0000 2.0000 1.0000 O.0000 NOZ, NITROGEN DIOXIDE
3.0o000 O.0000C O0.0000 1.0000 O.000O0 H3N, AMMONIA
1.0000 O.0000 3.0000 1.0000 0.00O00 HNC3, NITRIC ACID
2.0000 0.0QC0C0 O0.0000 O0.0000 O.00O0O0 HZ, HYDROGEN
Method 1 - LU Decomposition
Atom Matrix Rank = 5
Maximum Number of Independent Chemical Reactions = 7

+0.013 CO +0.131 Cco2 +0.575 HNO3 <---> +0.144 CH4 +1.000 02 +0.288 N2
+0.35% CH4 +0.562 HNO3 <---> +0.281 N2 +0.033 CO +0.327 CoZ +1.000 H20O
+0.356¢ N2 +0.007 CcO +0.065 C02 +0.288 HNO3 <---> +0.072 CH4 +1.000 NO
+0.212 N2 +0.013 cO +0.131 co2 +0.575 HNO3 <——--> +0.144 CH4 +1.000 NOZ

XM X eSS E D

\ +0.647 CH4 +0.29%94 N2 +0.412 HNO3 <-———> +0.05% Cco +0.588 Ccoz2 +1.000 H3N
IL +0.137 CH4 +0.275 N2 +0.078 CO +0.784 Cc0Z <-—-> +1.000 C +0.54% HNO3
[ +0.431 CH4 +0.275 HNO3 <---> +0.137 N2 40.03% CO 4+0.392 co2Z +1.000 H2
2 J|| Method 2 - Singular Value Decompositicon

Atom Matrix Rank = 5

Maximum Number of Independent Chemical Reactions = 7

+1.000 C +0.147 02 +0.234 H20 +0.052 NOZ2 +0.145 H3N +0.206 HNO3 +0.160 H2 <-——> +0.357 CH4 +0.190 N2 +0.058 CO +0.585 COZ +0.022 NO
+0.1%2 N2 +0.022 Co +0.225 Cco2 +1.000 HZ2O +0.003 NO <---> +0.247 CH4 +0.450 0OZ +0.042 NOZ +0.180 H3N +0.1e4 HNO3 +0.153 HZ2
+0.0%5 CH4 +1.000 NO +0.000 H2 <-——> +0.1e3 02 +0.35¢ N2 +0.00% CO +0.086e COZ +0.00Z HZO +0.097 NOZ +0.05%2Z H3N +0.0%% HNO3
+0.387 02 +0.2e8 N2 +0.01e CO +0.164 COZ +0.062Z HZO +0.128 NO +0.11Z H3N +0.22Z4 HNO3 +0.01% HZ <---> +0.180 CH4 +1.000 NO2
+0.04% CO +0.45%5 Co2 +0.005 NOZ +1.000 H3N <-—--> +0.544 CH4 +0.332 02 +0.455 N2 +0.170 H20 +0.035 NO +0.060 HNO3 +0.211 HZ
+0.900 02 +0.14¢ N2 +0.011 co +0.111 co2 +0.234 H20 +0.172 NO +0.280 NOZ +0.255 H3N +0.127 H2 <-—--> +0.122 CH4 +1.000 HNO3
+0.071 M2 +0.028 Co +0.280 cCo2 +0.025% NO +0.0Z¢ NOZ +1.000 HZ <---> +0.308 CH4 +0.20% 02 +0.12% HZO +0.157 H3N +0.040 HNO3

© ioMosaic Corporation Source: ioMosaic Corporation, Process Safety Office ® SuperChems Expert v11
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The deflagration dynamics process can be modeled in detail using
transient chemical equilibrium estimates

» The gas and/or dust mixture is uniform in composition and the thickness of the flame in

the reaction zone is negligible

» The burning rate accelerates when the flame front becomes wrinkled at a critical

expansion ratio corresponding to a critical Reynolds number

» Burnt and unburnt gases are treated assuming non-ideal gas behavior using a modified

cubic equation of state

» When venting occurs and depending on the location of the vent relative to the flame front,

unburnt, burnt, or a mixture of burnt and unburnt materials can be vented

» The burnt and unburnt materials are compressed during the deflagration

© ioMosaic Corporation iOMbsaiC® 36



Transient chemical equilibrium estimates yield stoichiometry of the
reactions as temperature and pressure change

+0.857 Co2 +0.142 CH4 +0.286 N2 <--—> + C +0.571 HNO3
. . . +0.92%9 Co2 +0.0714 CH4 +0.143 N2 <-———> + 20 +0.286 HNC23

' The preSSure IS unlform In the Vessel +0.143 o2 +0.571 HNCO3I <———> +0.143 CH4 +0.286 N2 + ©2
+0.357 CH4 +0.571 HNO3I <———> +0.357 C0oZ2 +0.28E6 N2 + HZO
+0.643 CH4 +0.286 N2 +0.42% HNO3 <—-——-> +0.643 C0Z + H3N
+0.0714 Cco2 +0.357 N2 +0.286 HNC3 <———> +0.0714 CH4 + NO
+0.143 o2 +0.214 N2 +0.571 HNO3 <———> +0.143 CH4 + NO2Z
+0.143 CH4 +0.425% HNOI <—-—-—> +0.143 02 +0.214 N2 + OH

+0.214 CH4 +0.143 HNC3 <-—--> +0.214 cCo2 +0.0714 N2 + H
+0.0714 Co2 +0.286 HNO3 <-———> +0.0714 CH4 +0.143 N2 + ©

¥ Materials are incrementally reacted using direct d'm D
, _T‘
o . — Arp,se = Arpys, (
minimization of the Gibbs free energy dt fPuss = AfPusu 1] +X)
» The deflagration process is rapid, and therefore the 10, o A [T — T4
only heat loss mechanism considered is radiation to dt 1y (gf-) (i _ 1)
the vessel walls from combustion
. . _ _ . dly, d1y, ) dFP
¥ The final conditions are determined by solving for the VuPu—= + Vol —= = (Vukiu + Vorip) —
pressure and temperatures that satisfy the energy " dN,

P
— dn; __
. +> V., Z 7 =0
and mass balance constraints at constant volume !-_ — di
© ioMosaic Corporation |OMOSQiC®



In addition to measured explosion severity data, formation energies
may be necessary and can be measured as needed

Chemical Measured Heat of

Combustion
(MJ/kg) [BTU/Ib]

Benzoic Acid 26.53 [11419.8 65-85-0 ‘ .
Nicotinic Acid  22.09 [9506.43 59-67-6 (M, \/
Lycopodium 30.64 [13183.1] 8023-70-9

The heat of formation can be calculated from a measured \
heat of combustion using an instrument such as the Parr

6200 calorimeter

Source: ioMosaic Corporation io M 650 i C® 38



Deflagration Dynamics Explosion Severity Data and
Burning Rate Model Development




Proper modeling of deflagration dynamics requires explosion severity data

» What is an explosion severity index? ! 110 Eploson Sy | x
i Elr, ot || Lzer Tools @ 5
» How do we measure the explosion severity index? 1o vew £ ﬁ F
. . . . | 2 I A 8
» How do we correlate explosion severity with burning | [omenToos lrmbas Wik S oo
B Y X E oA
rate? g o] T
. L . = 2 X B
» EXxplosion severity index testing apparatus R I N
PSR Vi s
» Understanding Dust Explosions and Hazards | T e
» Anatomy of deflagration venting dynamics | #, oone |
» Detailed modeling of deflagration venting dynamics
» Burning rate model development and fitting

© ioMosaic Corporation iOMbsaiC® 40



Deflagration vent sizing is usually based on simple, semi-empirical

formulas such as those provided by NFPA 68

» Used by US and International Standards

4

4

Applies to simple geometries with L/D <5
Additional vent area is required for L/D > 5

Care must be exercised to avoid deflagration to

detonation transitions (DDT)

Methods exist for addressing vent panel inertia, reaction

forces, safe discharge location, etc.

One must read the fine print regarding applicability and

limitations which makes these equations complex to

apply at times

© ioMosaic Corporation
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The propagation of a deflagration depends on ignition location,
strength of ignition/explosion, vent location, and overall geometry

Vent Opening

Propagating
flame front

A " Vessel containing
Flammable mixture

_— Vent still closed

Propagating flame front
begins to wrinkle

Combustion rate accelerates
due to increase in flame
surface area

Venting of burned
and unburned gases

| |
\ [/ [~ Vent open

Turbulence generated
by high velocity flow of

Flame front moves vented material.

C toward vent.

Turbulence generated
by relative movement

of hot gas over cold Combustion rate further

accelerates due fo large
increase in flame SA caused
by turbulence

© ioMosaic Corporation
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What is an explosion severity index?

Pmax

5 /3 {_

= constant = K
dt

:| max

Pressure, bara

dP/dt = 0.67 barims
max

0 | L | l J | | i I l | | | | J
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time, ms

Source: ioMosaic Corporation

For many hydrocarbon fuel
— air and dust — air
deflagrations in vessels
with low L/D ratios, the
maximum deflagration
pressure rise rate
correlates with volume
raised to the 1/3 power

d P K

) dt J 11 ax Vl/‘%
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How do we measure the explosion severity index?

V Kg or Kst Deflagration explosion severity is usually measured in a
20-liter sphere
y P...dP/dt ..
. / 20 liter sphere
» LEL, UEL ) -
y LOC g /
@
¥ MIE
4 \ \ '

Tests usually conducted with . v -

chemical igniters

charge chamber
solenoid valve

¥ Starting pressure and temperature

are usually 1 barand 25 C

© ioMosaic Corporation Source: ioMosaic Corporation io M 'osa i C® 44



The explosion severity index can also be measured in a 1 m? vessel

» The 20-liter sphere can overdrive the explosion due to the CA 1M3 chamber
strength of the igniters, i.e., burns materials without flame

propagation

» |In some cases, the 100-liter sphere can underdrive the
explosion due to heat loss to the walls of the sphere which

can quench/temper the intensity of the deflagration
» Note that 7 to 15 kgs of sample is required for 1 m?3 testing
» Cost and availability of materials?

» Toxicity of combustion products?

© ioMosaic Corporation io M 'osa i C® 45



How do we correlate the explosion severity index with burning rate?

The explosion severity index is
directly related to the burning

- dP r1/3 : 1/3 Rnﬂ::: g .
K = |— Ve = (36m)" " (Pras — o) S rate or rate of reaction
dt | max Fo
20 10_3 1/3 1 1/1.4 1
s —= - — 670]
367 8.5 8.5 — 1
= 561 x 1072 % 0.216 x 0.133 x 670 = 1.09 m/s

i -F;uu.rj_ l'ﬂ{ﬂﬁ”‘ )
M
1/ u
-F:-uu.rg f 2
L\ 1D _

4 > )

g — g 1’12 1 mary 1 0
2f2 T 2N | o ) )
JFﬂ"‘l ! mars ! ()

_ Mo
H. f1 E
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The measured pressure-time data in a 20-liter sphere or 1 m3 vessel

can be used to develop a burning rate model

5 f —

n =

( N Pr N Re
..1\'( PTE _:\ REC

(X + 1) su = (X + 1) Su,

:

1,
.TG

oI P 15
-P":"-

Chemical | s,,, m/s | « 3 0
Methane (.33 2.00 | -0.25 | 0.40
Propane .32 2.13 | -0.17 | 0.25
Pentane (.50 .60 | -0.25 ] 0.39
Acetylene 1.58 2.00 | -0.06 | 0.39
Hydrogen 3.50 .26 | 0.26 | 0.39
Methanol .37 2.18 | -0.16 | 0.39
1soOctane 0.26 2.18 | -0.16 | 0.39

Source: ioMosaic Corporation
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Final Thoughts and Conclusions




The SuperChems dynamic explosion models provide significant
advantages over static and simplified methods

4

4

The explosion models' updates are available in SuperChems Expert v11.0

Extend the use of limited measured data to elevated temperatures, elevated
pressures, different compositions, hybrid systems, and systems with diluents

and/or chemical oxidizers

Determine the composition of the vented material(s)
Reduce venting requirements with lower relief device set points

Consider flame acceleration, pressure pileup, and complex geometries

ic Corporation iOMbsaiC® 49



Contact us to learn more about how we can help

Georges A. Melhem, Ph.D., FAIChE
President and CEO
melhem@iomosaic.com
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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.

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.

For more information on ioMosaic, please visit.: www.ioMosaic.com
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