


(Runaway reaction)



1921 Oppau 430

1947 552 3,000

1976 Seveso

2,4,5-trichlorophenaol dioxin 447

1984 Bhopal arunaway reaction in a storage tanl

MIC( methyl isocyanate) 2,500
170,000

1976 1986 ol
1.6 314



(1)68
(2)85

(MEKPO,

33 ,

(MEK PO,

1)

49

10

1

)

)

47

)



( , runnaway reaction

(thermal explosion) (HSE) 1976
Seveso 1984 Bhopal

( SM, VCM, )



( H decomp)

( Hreq)



(Thermokinetics)

H, R (rate law) order of reaction, k (rate
constant), ( ,

C , )



AEREE
| —Fa/RT
QG__MCPAQ



o) F




- Nitro compound , TNT, , NH,NO,

- Organic peroxide BPO, MEKPO, CHP, TBHP..
* H,0,(a0)  35%, 50%, 90%

- EO ethylene oxide

10



( H,-KImal)

Nitro
Nitroso
Oxime

| socyanate
Azo
Hydrazo
Dizzo

Peroxi

Epoxi

Double bond

220 .. 410
90... 290
170 ... 230
20...30
100 ... 180
65 ... 80
130 ... 165
200 ... 340
45 80
40 ... 90

11




U(KJmol)

Tert-butyl peroxybenzoat
Tert-butyl peroxy-2-ethylhexanoat
Tert-butyl peroxypivalat

Cumol hydroperoxide

Dicumyl peroxide

Dibenzoy! peroxide

Dibenzoy! peroxide

Dibenzoy!| peroxide

330

330

250

265

340

340

370

360

12



U(KJmol)

Acrylic acid
Acrylic acid
1-butene
Styrene
Vinyl acetate

Vinyl chloride

67

77

87

73

88

71

13



- U(KJmol)

1.3-dinitrobenzene
2.4-dinitrotoluene
Dinitroorthocresol
trinitroaniline
Trinitro benzoic acid
Trinitrototoluene

Trinitrophenol

387

402

387

379

387

383

384

14



Group Onset temperature of decomposition  ADT 4 from

in DTA (10 K/min) Dewar tests
-NO, 360 280
=NOH 200 110
-NO 150 80
-C-0-0O- 130 80
-N,* 150 80
-NH-NH, 250 220
"Ny 130 80

15



Typical values
Neutralization (HCI)
Neutralization (H,SO,)
Diazotization
Sulfonation (SO,)
Nitration

Epoxidation
Hydrogenation

(nitroaromatic compd)

Jmol™*
- 55000
-105 000
- 65000
-150 000
-130 000
- 96 000

-560 000

Amination

Heat of combustion

(hydrocarbons)

Diazo decomposition

Nitro decomposition

Jmol™?

-120 000

-900 000

-140 000

-400 000

16




MHIDAS

MHIDAS 1900 1991

205
205

17



26

18



MHIDAS

18

14

11

19




(1)
(2)
3)

(1)
(2)
(3)

20

(TMR

)



(1)
(2)
(3)
(4)

(1)
(2)
3)
(4)
(5)

21



1962 19384

134

(2)

22

1987
55

189

11
(1)



1 (polymerization) 64
2 (nitration) 15
3 (sulfonation) 13
4 (hydrolysis) 10
5 (salt formation) 13
6 (halogenation) 8
7 (akylation) 5
8 (amination) 4
9 (diazotization) 4
10 (oxidation) 2
11 (esterification)) 1

134

23







(@)

(b)
(©)

(d)

25



i TAM R A ﬂkﬁiﬁﬂﬁ& “ﬁ%iﬂﬁ.
"‘ ' }

1 14 1
EFRE o pman



AR

P->C+ D

Ak T A% 20 A R R

A+B-=>P 4000 kJ/kg
T,

100 kJ/kg t
— alad —
T t_ A
T%rli*a_,g;- _{gﬁit']_&"""—r”gf_'!

27



e
Explosion /

Temp
(degC) Evacuation

Correclive action \

\\.

Storage Procesaing

i 4

4= Time to explosion (mins)

28



A Temperziure

T
B Yo TMR 4 UWTMRy | Y6 Y
.110 K
Time
Ta >
- *Time to Maximum Rate” ]
TMRad

20 HE Ve
29
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(

(

)

)

)
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(

)

1,2-Dichloroethylene

L I g

Trichloroethylene

Styrene

~ |~ |~ |

Tetrachloroethylene

4-Aminodiphenyl and its salts

Vinyl chloride

p-Dimethylaminoazobenzene

Acrylonitrile

~Nl 1~ |~ |

SN | N | N | N

32

p-Nitrochlorobenzene




()

Acetonitrile

Acrolein

Acrylic acid

Allyl alcohol

SN N | N [N | N

LIyl chloride

Butadiene

2- -1,3-

2-Chloro-1,3-butadiene

1-Chloro-2,3-epoxypropane

Decaborane

Diborane

1,1- -1-

1,1-Dichloro-1-nitroethane

1,3-

1,3-Dichloropropene

Dicyclopentadiene

O

Dinitrobenzene

Dinitro-o-cresol

Dinitroethyleneglycol

~|l~|~|~|~|~|~|~|~|~]|~|—~|~|~]|~|~]|—~

N [N | N [N [N [N | SN | N [N [N | N | N

33

Dinitrotoluene




()

Divinybenzene(DVB)

Ov

1,2-

1,2-Epoxypropane

O |0

Ethyl acrylate

Ethylene oxide

Hexachlorobutadiene

Hexachlorocyclopentadiene

Hydrogen peroxide

Methyl acrylate

Methacrylic acid

Methylacrylonitrile

Methyl ethyl ketone peroxid
(MEKPO)

Methyl methacrylate

o -Methyl styrene

p-Nitroaniline

Nitrobenzene

Nitromethane

~ |~~~ |~]|—~ —~ ~ |l |~ ~|~|~|~]|~|~]|—~

SN [N [N [N | N | N N’ N [N N N [N [N [N [N | N

34

1- Nitropropane




(

)

Divinybenzene(DV B)

Ov

1,2-

1,2-Epoxypropane

O |O

Ethyl acrylate

Ethylene oxide

Hexachl orobutadiene

Hexachl orocyclopentadiene

Hydrogen peroxide

Methyl acrylate

Methacrylic acid

Methylacrylonitrile

Methyl ethyl ketone peroxide
(MEKPO)

Methyl methacrylate

a -Methyl styrene

p-Nitroaniline

Nitrobenzene

Nitromethane

1- Nitropropane

~ |~~~ |~]|~ |~ —~ ~|l |~ ~|~|~|~|~|[~]|~

N [N [N [N [N [N | N N’ SN | N N [N [N N [N [N | N

2- Nitropropane

w

a



(

)

Nitrotoluene

Pentaborane

Sodium azide

2,4,6-

2,4,6-Trinitrotoluene(TNT)

Vinyl acetate

Vinyl bromide

—~~ | |~ |~ |~ |~ |~

N N N N N N [N

Vinyl toluene

36



37



38



(HSE)




( Tad)
Tad

NOoO oA wWwDhE

8.

9.“Time to Maximum Rate”

10. TMR

40

Tad



3.DIERS

(DSC, DTA)

(ARC, RSST, PH1-TECII)

(RSST, VSP, PHI-TECI)

(RC1, C-80)

(TAM, MS-80)

41



DSC,

ARC,

RC1,

RSST,

42



(CCPS)

TABLE TYPICAL TESTING PROCEDURESBY SEQUENCE

Subject
I dentification of
exothermic activity

Explosibility of

Property to be

|nvestigated
Thermad

Detonation

Individual compounds

Complatibility

Normal reaction

Minimum exothermic
Runaway temperature

Runaway temperature
Consequentces

Deflagration

Reaction with common contaminants
(eg.,
water)
Reaction profile
Effect of change
Gas evolution
Establish minimum temperature

Temperature resie rates

Gas evolution rates

ARC=Accelerating Rate Galorimeter (Columbia Scientific Instrument Corp.)
DSC=Differentia Scanning Calorimeter

DTA=Differentiad Therma Analysis

RCl=reactor Caorimeter (Mettler Instrument Corp.)

RSST=Reactive System Screening Tool (Fauske and Associ atq%

VSP=Vent Size Package

Typica Instrument/
Information
DSC/TA

Chemical structure
Tube test

Card gap
Dropweight
Oxygen balance
High rate test
Explosibility tests
Specialized tests

Bench-scale reactors
(eg., RCIH)

Adiabatic Dewar
Adiabatic calorimetry
ARC

Adiabatic Dewar
Adiabatic calorimetry
Pressure ARC
VSP/RSST

Pressure RCI




*ASTM

E472, E476, E4A87, ES37, E698,
E967, E96S, E/ 71, E1231

.CCPS (1993 )

-UN Teapt

44
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DSC
ARC

DSC
ARC

RC1

RC1

46

MTSR



When things go wrong! (HSE)

*Dump system

*Quenching medium(Crash cooling)

-Catalyst killer system

47

‘Vent or Not
‘Vent system
‘Relief system
‘Ruptured disc
-Catch pot
-Knock-out drum

-Scrubber system



DTA(differential thermal analysis,

DSC (differential scanning calorimeter,

DTA pta R=cm,- 1) =( DH)%
ot ot
A =c'(- DH)
DSC Heat —flux DSC
Qs=Qcs+Qrs=Kcs(Tc-Ts)+Krs(Tr-Ts)

A AN

0]

— —



DSC

Cs(dTd/dt) + Qrxn = Qs=Qcs+ Qrs = Kcs(Tc—Ts) + Krg(Tr-
T9)

%;’Jj;l///f///‘{aﬁ%;gﬂff_ﬁy e i e O e Furnace I]d

Sample (Ts) Reference (Tr)

Heal llow lo sample — Heat flow to relerence

Sensor (thermal resistance )

Furnace (Tc¢) —

""- TR . pl—— Furnace ( TC}

Thermocouple wires

Measurement of the thermal e.m .. U in pV

49



Sam!pl:e Temperature

TA

N

Exothermic Process

Endothermic
Process

Temperature

50



Baseline

DTA

Temperature

—~————3AIIS04 =] aaneiay ———
amjuiadwa] jenuasagpg
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o B

52

MONOMER in DSC25 Au.-plated File: - DSC METTLER
o 2.840 mg Rate: 4.0 "C/min Ident: 1.0 ITRI-CISH RUMAWAY LAB
T
= PN
lo
:-: "
1@
i Integration
g Delta H 935 mJ
s} 329.1 J/g
] Peak 1B8.4°C
] 4.4 W/g
o] ‘
[ ‘E
T
r:.‘r-
L - T ! ' T N I ' ' r T I ! T L 2 I
100, 200. 300. "C




A &

MOMOMER+IMITIATOR in DSC25 Au.=-plated File: DSC HMETTLER
o 4.290 mg Rate: 4.0 "C/min Ident: 1.0 ITRI-CISH AUNaWAY LAB
)
= 1.
%
o L]
I Integration
Delta H 2165 mJd
i 504.7 Jfog
N Peak 111.7°C
] 3.4 Wig
':j'-
I o4
¥ BEVE
| II _“-'_‘ﬁ.._.‘_‘\-_-_'_'_.
T T T i ¥ L T T I T T I T LJ L] '|'
100 200 300, "G

53




o 4.400 mg

W/

exo>

Ammonianitrate in DSC25 Au.-platea
4.0 'C/mlin

File: 01402.00¢ DSC HMETTLER
Ident: 0.0

Integration
Oelta H 6337 mJ
1576.6 J/g
Peak 311.0°C
17.4 W/g

300, 400,

ITRI=CISH AUMAHAY LAB

54



A M &

HitroBenzene in OSC25 Au.,-plated

o 2.800 ®g Rate: 4.0 "C/min Ident: 0.0
-
Tia
o
4=
e Integration
¥ Delta H 7713 mJ
2756.6 J/g
Peak 433.0°C
6.4 W/g
-
o
4
n;..
I

File: 016041.001 DSC METTLER
ITRI-CISH RUNAHAY LAB

55




T 2 3h %

TBHP in DSC25 Au.-plated
4,020 mg

/g

exg>

Rate:

...

E

4.0 "C/min

Integ
Delta

Peak

File: 29702.001
Ident: 1.0

ration
H 8735 mJ
2172.9 J/g
ig0.8°'C
2.7 WSg

DSC METTLER
ITRI=CISH AUMAHAY LAB

Integration
Delta H 1156 mJ
287.5 J/g
280.1°C
0.7 Hig

Peak

100,

200,

TBHP

B&

56

=4°C/min




i B oh 2=

File: 22205.001 DSC METTLER

CHP BO%
o 5.080 mg Rate: Ident: 1.0 ITRI-CISH PAUMAWAY LAB
~
I- Fat
L=
»
Ja
Integration
Delta H 7639 mJ
1509.7 J/g
1 Peak 158.9°C
n | 1.1 W/g
o
o | :
i_""——_________-_________
T T T T = |
50. 100. 150, 200. 250. c
i

80%CHP

57




ABS [BO%) 113 in DSC25 s.5 open cell File: 41401.001 DSC METTLER

n 2.440 mg ARate: 1.0 "C/min Ident: 1.0 ITHI-CISH AUMAWAY LAB
“"‘_
= N

10

S =

an

J0Onset 1495.4°C
m45lope 0.1337 W/gK
N'..

J

——— e "I' e e—— I T T T Ll | T 1 T L] I D 5 ¥ T L} | T 1

100, 200, 300, 400, 500, G

58




SHEAM ln 27HFP Au . -plated

File: 10502.004

DSC METTLER

o 1.940 =g Aste: 4.0 "Ci/min Ident: 0.0 ITAT=CISH AUMAWAY LaB
~
x 1A

{o

b4
4 @
Integration

- Delta H G050 mJ
il 3118.4 Jfg

] Feak 158.5°C

] 3.2 W/ig
—
‘:;_

T
T

| L1 1 i T | [ ¥
100. 200, 300, 400,

59




Acrylonitrile in DSC25 Au.-plated File: 12161.001 DSC METTLER  16-Dec-94

o 3.760 mg Rate: 4.0 ‘C/min Ident: 0.0 ITRI-CISH RAUMAWAY LAH
o,
= A
B! f
[i1]
] Integration
i Delta H 2144 mJ §
2432.0 J/g 1
W Feak 324.0°C §
9.0 W/g i

60



/9

=1

0.5 W

SM{dist.] in 27HP Au.-plated File: 10404, 001 DSC METTLER 035-Dec-94
9.170 mg Rate: 10.0 "C/min Ident: 1.0 ITRI-CISH RUMAHAY LAB

axg>

Integration
Delta H 5078 mJ
641.0 Jfg
Peak 228.6°C
1.1 W/g

100. 200. 300, 4040, “C
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ARC

VSP
PHI-TECII
Dewar
RC1

(1) T=TsTr=0
(2)

(1)
(2)
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S oKEh -
N TR gy | | FOSKSE
IS
]
R EkE) 'Fm{
RS2
ARC
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Temperature(°C)

210

240

210

180

120

50

12X

LS |

— 20%

T 0

400 600 800
time(min.)

CHP

64

1000

1200

1400



Pressure(psi.)

600

500

400

00

200

100

SR -
O 16X
— 20%

— J0%

. - —

R L
.
1a]
fii o]
F4¢4ﬂih—tﬁﬂ4ﬂﬂjﬁt ik
200 400 600 800 1000 1200

time(min.)

CHP

65

1400



dQ/dt(100000]/sec.)

20

18

14
12

i

Ta' =82.71°C

, el 35%CIIP
d=1.279 ]
_ —— o
------ RS A
' ——— EREEE
feet;gsc - /L P
- s = ___.-""'.r
- 2 _'_,..-“"rﬂ,
- _,.-"'""f'
i /’

E - 1 i3
80 /ﬁ' 0 1o 120 130 140

10

66

150



1000

100

CUS/V)er, keal /(K)/Cmin. JCL)

=
—

critical heat-transfer parameter

0.0l

0.001

Temperature, 1000/Ta

11

67

F
: h=1.279
stable
g unstable
2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1



RC1, QRC, SIMULAR
| nflow=Accumulation+Qutflow
(Qr + Q¢ + Qqir)=(Qat Q) + (Qf + Quos+ Qoss -+ )
Q
Qc
Qstir
Qa
Qi
Qs
Quos

Ol Ace 68



RCI

Qr + Qcal = Qflow + Qaccum + Qdos + Qloss + Qadd

calonmelric
calibration

temperature Tr, Tj

measurement
and control

!

|
1

thermostat

o

cooling



110 O

78

86
71
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& e B
TERHE R0
{62:E3th00
{53250
ESt 135400
02053600
LTiER1H00
Pl BH b0
T Le 00
B0 993600

62
50
8

14

s
10,

S0

3

A o0

30
.00

4
2

50
- 1.00
30
o0

" -0.50

=1.00
=1.%0

120.0

110 O

100 O
70

80
70 .0
&0
50,

40 0O

30.0
20 .0

&000 O
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MPD+ICL(20wt%)

__“} S IEITTINY)

ey . - {]
\"‘JJ ‘"“‘.”ﬂ"u#“ﬂ&uun*::“: T N PP PO .
- = 10
18900 20100 21300 22500 23700 24900
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15 20w.t.%
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AT $uF

DSC
0.1
VSP-2
Heat rate 0.01 RC-1
°C/min |
|
0.001 | C-80
< | TAM
il =3

30 60 80 100
Detected Temp. (°C)

1



TEMPERATURE (C)

400

300

100

200

STYRENE

.IJIIIzllll‘lIIIII[IIIIIIEIIIlilI.ITIIIIL_'IIII'II:IIIIIIIIII'IIII'III"-"Illl.Ill.,I,||1
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0.

20

10

60

BO 100 120 140 160

TIME (MIN)
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3

STYRENE

10

i *

L

RATE (C/MIN)
10

SELF-HEAT
LO

LE)

|

-------

: *:Hﬁﬂﬁﬁﬁ

T TR [ e BT

.............

pd upd o ] W o o

............

TIRSEETERINE

I'.'i:lil|"3_
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(a)DSC

— - Tcritica
~ - Tad
TMR
Ea n.A.

— -

—~ - ITNR —aam
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(b)ARC

— - Tcritical, Tr( )
— - Tad( )
Tad ( )
TMR
EanA - - Ty —dam

Pmax
dP/dt
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(C)RC1 ( )
(TMR<8hr) - (TMR>8hr)

Tad

77



TMR
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