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Potential hazard

 Exothermic reaction
— Heat produced must be removed
— Otherwise Temperature increase
— At higher temperatures, secondary reactions
— Boiling point: vapour produced

 Secondary reactions:
— Heat production
— Gas production

 Hazard: thermal runaway
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Equipment
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S
Exercise Chemical reactive hazards

* Video: https://voutu.be/sRuz9bzBrtY

= Bophal, India:Toxic release on 2 December, 1984 >25.000 casualties, >500.000 injured.
= Syntron: Explosion on 31 January, 2006 1 casualty, 14 injured

= BP Amoco: Explosion on 13 march, 2001 3 casualties

= MFG Chemical: Toxic release on 12 April 2004 154 injured, > 200 families evacuated

= First Chemical Corporation: Explosion on 13 October 2002 3 injured




Exercise chemical reactive hazards

Syntron BP Amoco

Primary cause: Primary cause:
Consequences: Consequences:

MFG Chemical First Chemical Corporation
Primary cause: Primary cause:
Consequences: Consequences:
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Effect of Scale on Heat Balance

Heat accumulation dT UA(T-T.)
— =k(1-X,)"c"'AT, — S
KF dt ( A) A0 ad pVCtp
[e
% T. temperature K
t: time S
k: rate constant s 'mol1-n |1

X: conversion -
n: order of the reaction -

i \_/ Cpo: Starting concentration of A mol/l
: AT,4: adiabatic temperature rise Kor°C

. U: heat transfer coefficient W/(m2-K
Heat production (m=K)

Heat removal

A: heat exchange area m?

Tc: temperature cooling media K

p: density kgl

c',- specific heat capacity JI(kg-K)

V: volume I



Heat Balance

q,. = ko ' e_E”@- Co (1 — X) @ (—AH ) 15t order reaction

t: time S
acc: accumulation ko: pre-exponential factor s
rx: reaction E: activation energy Jimol
ex: exchange c. concentration mol/l
X: conversion -
q: heat flow W V: volume |
M: mass kg AH,: molar reaction enthalpy J/mol
¢',: specific heat capacity JI(kgK) U: heat transfer coefficient W/(m?2K)
T. temperature K A: heat exchange area m?

T.: temperature cooling media K



Assesment of Thermal Process Safety
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Semenov-Plot — normal operating conditions

q [W] 1

Qrx

Qex

q: heat flow
T: temperature
T.: temperature cooling media

rx: reaction
ex: exchange

> T[°C]

°C/K
°CIK



Semenov-Plot — normal operating conditions

» What is the difference between the two working points?

« Which one would you choose and why? ~ 9TWI 1
A. Point 1
B. Point2

C. Point1 or 2, makes no difference

* Think about it a few minutes

T[°C]
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Semenov-Plot — normal operating conditions

q [W] 1

Arx
unstable working point

stable working point

q: heat flow
T: temperature
T.: temperature cooling media

rx: reaction
ex: exchange

T[°C]

°C/K
°CIK



Semenov-Plot — normal operating conditions

qpy =UA(T. -T)

q: heat flow W
N T. temperature °C/IK

q W] %ex T_: temperature cooling media °CIK
Te e Critical cooling media temperature  °C/K
T critical process temperature °CIK
U: heat transfer coefficient W/(m?2-K)
A: heat exchange area m?
rx: reaction

ex: exchange

> T[°C]

Tc TC,crit Tcrit



Semenov-Plot — normal operating conditions

9Ex :UA(TC _T)

q: heat flow W
q W11 T: temperature °CIK
T.: temperature cooling media °CIK
Arx Qex T o Critical cooling media temperature  °C/K
T critical process temperature °C/K
U: heat transfer coefficient W/(m?K)
Influence of T, A: heat exchange area m?
rx: reaction

ex: exchange

T[°C]

v

Tc TC,crit Tcrit



Semenov-Plot
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q [W]1

oy =UA(T.-T)

A [
Jex

UA

crit

q: heat flow

T: temperature

T.: temperature cooling media

U: heat transfer coefficient

A: heat exchange area

UA,: critical heat transfer coefficient-heat area

rx; reaction
ex: exchange

T[°C]

°CIK
W/(m2K)

WIK



Key aspects Semenov Plot: normal operating conditions

 Heat production depends exponentially on T

* Heat removal depends linearly on T ~ Cooling capacity

* Heat production depends on V > SCALE-UP
 Heat removal depends on A

« Under normal operating conditions there is a stable and an unstable working point = need to work at the
stable working point

« Influence of UA (fouling, change of scale) and Tc (winter - summer)

https://youtu.be/sRuz9bzBrtY
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Heat Balance

Heat accumulation dT UA(T-T,)

P

— =k(1-X,)"c"'AT
KA\ dt ( a) ¢ AT, Ve

c
T. temperature K
t: time

S
k: rate constant s 'mol1-n |1
X: conversion -
‘ | n: order of the reaction -
\/ \_/ Cpo: Starting concentration of A mol/l
:B-:: AT, adiabatic temperature rise Kor°C

. U: heat transfer coefficient W/(m2-K
Heat production (m=K)

Heat removal

A: heat exchange area m?

Tc: temperature cooling media K

p: density kgl

c',- specific heat capacity JI(kg-K)

V: volume I



Batch Process
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MTSR

Main Reaction

T;

Secondary
Reaction

Normal

2

process

k Cooling failure

v

T, process temperature
MTSR: Maximal Temperature of the Synthesis Reaction

T;: final temperature or end temperature T,
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Cooling Failure Scenario

T,: process temperature

Secondary
Reaction MTSR: Maximal Temperature of the Synthesis Reaction

ATad: adiabatic temperature rise

Main

Reaction T;. final temperature or end temperature T,

TMR,4: Time to Maximum Rate under adiabatic conditions

MTSR

Adiabatic conditions: no heat exchange with the
surrounding, the whole energy stays in the system
(reaction mass) and leads to a temperature increase
—> neglecting heat losses of a real system during a
cooling failure.

AT,

@
@

Normal

Process \ Time

>
!

A
v



Cooling Failure Scenario: Key Questions
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Batch Process

29

MTSR

1. Is the cooling capacity sufficient?
drx < dex = U A (Tp-T¢)

Normal
process

L Cooling failure

v

T,: process temperature

T.: temperature cooling media
q: heat flow

U: heat transfer coefficient

A: heat exchange area

RX: reaction
EX: exchange

°C/K
°CIK

Wi(m2K)



Batch Process
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MTSR

2. Which temperature can be reached after
runaway of the main reaction
MTSR =Tp + X, AT 4

Al2g=R/Cp
~ *Accumulation: Xacc= (1-X)

Normal | Cooling failure
process k

MTSR: maximal temperature

of the synthesis reaction °C/K

T,: process temperature

Xace. @CcCumulation

AT, 4 adiabatic temperature
rise

Q’: specific reaction energy

¢',- specific heat capacity

X: conversion

°CIK

°CIK
kJ/kg
kJ/(kgK)
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Severity: Temperature Scale

Adiabatic Temperature Rise

ATad: adiabatic temperature

' rise °CIK
Q IJ kg~ Q': specific reaction energy  kJ/kg
AT;zd -, 1 1 ¢',: specific heat capacity kJ/(kg'K)
C kJ-kg K AH.: molar reaction enthalpy ~ kJ/mol
P Cao: Starting cncentration of A mol/m?
p: density kg/m3
AT = (_AHR ) €0 kJ -mol” Y -mol-m™
ad .c' kg-m_3 -lc]-kg_l-K_1
p-c,

Conclusion: ATad is given for one concentration of starting material. If the concentration is changed, then the adiabatic
temperature rise changes accordingly
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Severity: Temperature Scale: Heat Capacity

Heat Capacity: J.KT

Specific Heat Capacity: J.kg'.K-’
ZM ) qv'i

Mixture with i components and mass M, Q=
2M

i

Typical values for heat capacity

Water: 4.2 kd.kg.K1
Liquid organic substances: 1.8 kJ.kg'.K"’
Sulfuric acid: 1.3 kJ.kg' K"

Solid organic substances: 1.3 kd.kg'.K"’



Batch Process
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Secondary
Reaction
What temperature may be reached

after runaway of secondary reaction ? -y

T AT,

D Cooling failure

v

T,: process temperature
MTSR: maximal temperature
of the synthesis reaction

T,: process temperature
AT,qp: adiabatic temperature

rise, for the decomposition
Q’p: specific decomposition energy
¢',: specific heat capacity

°C/K

°CIK
°CIK

°CIK
kJ/kg
kJ/(kg'K)



Batch Process

MTSR

At which instant does the cooling failure
have the worst consequences?

t=1(Tp Xacc, Stability)

Thermal Stability

Normal
process

Cooling failure
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Batch Process

MTSR

Main Reaction

Accumulation: X,

Normal

2

process

k Cooling failure

v
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Batch Process
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How long a time takes the runaway of

the secondary reaction ?
TMRad = f(q’O’ TO’ Ea! C’P)

- Thermal heating: q'=f(T)
* Activation energy
 Arrhenius-Diagram

Secondary
Reaction

IH

Normal

process

TMR,: time of maximum rate
under adiabatic conditions
T, reference temperature
'y specific heat release rate at the
reference temperature
E,: activation energy
¢',: specific heat capacity

sorh
K

Wikg
J/imol
kJ/(kgK)



Thermal explosion/ thermal runaway

Adiabatic temperature course
van't Hoff rule: doubling reaction rate each 10°C

Temperature [°C] At: initial time interval for an increase in
100 - o t L
temperature of 10 °C, in this case
90 .
_ 32 minutes
- At At/72 [Ava |
60 ([ ———— = i Very useful rule for estimations of
50 TMRad but it is not conservative
40
30
20
10 — )
O G | ] ] ] ] ] ] ] ] ]

O 5 10 18 20 25 30 35 40 45 50 55 60 65
Time [minutes]



Time to Maximum Rate under Adiabatic Conditions: TMR,

38

Approximate estimation in seconds
/ 2
Cp R To
/
q(To) . Ea

IMR,,(1) =

TMR 4(To) Time to maximum rate under adiabatic conditions
atT,

Cp specific heat capacity [J / kg / K]

R universal gas constant 8.314 J /( mol. K)

T, considered temperature (K)

q’(TO) specific heat release rate at T, [W / kg]

Ea activation energy [J / mol]

To draw the cooling failure
scenario, the temperature T, that
has to be considered is the
MTSR

- The TMRad is calculated for
the MTSR
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Thermal Risk and cooling failure scenario

How can we evaluate the 1
Thermal Risk? T AT,

Secondary
Reaction

Risk = probability x severity
Main
Reaction

Severity of a runaway = ?
Probability of a runaway = ?

MTSR

e L
© , @Cooling Failure

Normal
Process \

v

< >

Time



Thermal risk

40

Temperature
A

16

Thermal Risk:
Probability of a runaway = Time Scale

—> The longer the TMRad, the lower
the probability



Risk-Diagram

ATad

1/TMR,,

41
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Criteria for probability and consequences

Probability

m 50°C < ATad < 200°C 8 h<TMRad <24 h

Low ATad < 50°C and no TMRad > 24 h
pressure

Criteria based on experience

Criteria for the probability valid for controlled reaction masses (in reactors), not valid for example for storage or
transport.



Basel

Criteria for risk evaluation Folie 43

And no pressure

TMR,, = 24h 8h<TMR, <24 TMR,, < 8h
| tw | wedum | W

N
Q
)
c
[
3
o
Q
7]
c
o

&

Probability

Low risk, risk acceptable
Medium risk. Apply ALARP principle (ALARP: as low as reasonable practicable)

_ High risk. Risk unaccpetable



Physical Chemical Data

« Adecomposition reaction with a specific energy of 500 J/g releases 10 W/kg at a
temperature of 150°C.

 Translating in terms of thermal risk: |
— Consequences: determine the adiabatic temperature increase: AT, = g

r

‘o

¢y R-T
9, E

(Ty) ~a

— Probability: determine TMR,y:  TMR ,(T}) =

« A decomposition, able to raise the temperature by 250 °C, leads to a severe
thermal explosion within less than one hour, starting from 150 °C.

44
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TMRad as a Function of Temperature

4 TMRad

Upper Temperature Limit for Thermal Stability
TD24

47
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Characteristic Temperatures

e Tp: Process Temperature
Defined by the mode of operation

 MTSR: Maximum Temperature of Synthesis Reaction
Defined by the accumulation of reactants and Tp

* Tpy Temperature at which the Decomposition becomes critical TMRad = 24 hrs
Defined by the thermal stability of reaction mass

e MTT: Maximum Temperature for Technical Reasons

Defined by the equipment



Classification of Scenarios

A Temperature

TD24

Tprocess

Criticality Index:

MTT

MTSR

MTT

49



Criticality Class: 1

TD24

MTT

MTSR

Decomposition is not triggered.

MTT is not reached

No special Measure required.

Boiling point could serve as a safety barrier

50



Criticality Class: 2

TD24

MTSR

Decomposition is not triggered.

MTT is not reached

No special Measure required.

Avoid heat accumulation conditions
Boiling point could not serve as a safety barrier.
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Criticality Class: 3

52

TD24

MTSR

MTT

Decomposition is not triggered.

MTT is reached

Risk reducing measures are required.

Boiling point could serve as a safety barrier.
Design system for that purpose
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Criticality Class: 4

Decomposition could be triggered.

MTT is reached

TD24

MTT Risk reducing measures required.

Boiling point could serve as a safety barrier to avoid
Tp triggering the decomposition reaction. Design system
for that purpose




Criticality Class: 5

TD24

Decomposition is triggered.

MTT is reached

Risk reducing measures required.
Emergency measures required.

Consider redesigning the process

54



Criticality classes

A Temperature

TD24

Tprocess

Criticality Index:

MTT

MTSR

MTT

55



56

Criticality classes

* If you have a criticality class 5 process, what
can you change to make it less hazardous? i

 Write down 3 possible changes

TD24

MTSR MTSR MTSR
e

MTT
Tprocess — = — sa—] =
Criticality Index: 1 2 3 4 5
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Criticality classes

» What is the hazard linked with criticality 3
processes? S

» What are the benefits and disadvantages of
having a boiling temperature (MTT) close to
Tprocess? TSR, MISR,  MISR

TD24

MTT

Tprocess

» What are the benefits and disadvantages of
having a boiling temperature (MTT) close to
MTSR?

Criticality Index: 1 2 3 4 5

» So what is best, a boiling temperature close to
Tprocess or to MTSR?
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Thermal Risks: Required Data
Determine Assess Qontrol
Energy Potential of Reaction:
Accumulation
(MTSR)
Medium
or High ¢
Assess Probability
Low ' .
of Triggering
— it -_
l Decomposition
(TMRad)
Process presents
no thermal risks

60

[ Build Scenario




Thermal Risks: Assessment

Scenario :
Assessment of criticality

|

1-2

l

Process is not critical

}

No Measures
are required

)

Criticality ?

3-14

Process is critical

}

Design technical
Measures

5

1

Process is critical

}

Redesign
Process

)
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Example

« Adiazotization is performed by adding sodium nitrite to an aqueous solution of the amine (2.5 mol kg-'). The
industrial scale charge is 4000 kg of final reaction mass in a stirred tank reactor with a nominal volume of
4 m3. The reaction temperature is 5 °C and the reaction is very fast. For the safety study an accumulation of
10 % is considered realistic.

* Thermal data :
— Reaction : -AHr = 65 kJ/mol cp’ = 3,5 kd/(kg-K)
— Decomposition: - A Hdc= 150 kJ/mol Ty =30°C

« \What is the thermal risk of this reaction?



Thermal Risks: Required Data
Determine Assess Qontrol
Energy Potential of Reaction:
Accumulation
(MTSR)
Medium
or High ¢
Assess Probability
Low ' .
of Triggering
— it -_
l Decomposition
(TMRad)
Process presents
no thermal risks

63

[ Build Scenario




Example

 Determine energy potential
— Reaction energy: 2.5 mol/kg is the concentration and the reaction enthalpy is -AHr = 65 kJ/mol

i : .0 —opgmol o K _ K
— Specific reaction energy: Q",.,, = 2.5 ‘o 65 — = 162.5 ‘g

kJ
. . , , , 162.5-=

— Adiabatic temperature rise reaction AT, yxn = QC,”‘ = k']‘g = 46K
’ p 3.5——
kg-K

— Specific decomposition energy: Q" 4. = 2.5 22+ 150 % = 375 :—é

kg
kJ
. . . . Q'T‘x 375@
— Adiabatic temperature rise decomposition AT, gec = iy T e 107K
’ D 3. oK
gK

m 50°C < ATad < 200°C 8h<TMRad <24 h

Low ATad < 50°C and no TMRad > 24 h
pressure

» Overall ATad 153°C: medium consequences
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Thermal Risks: Required Data
Determine Assess Qontrol
Energy Potential of Reaction:
Accumulation
(MTSR)
Medium
or High ¢
Assess Probability
Low ' .
of Triggering
— it -_
l Decomposition
(TMRad)
Process presents
no thermal risks
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[ Build Scenario




Example

©) Secondary
Reaction
Main
MTSR Reaction
Tp

Time




Example

1. Is the cooling capacity sufficient to remove the heat released by the reaction under normal

operating conditions?
« No information on cooling capacity of the installation q,,
« No information on heat release rate of the reaction g,

* Not possible to assess this question with the available data - remains an open question

2. What temperature may be reached after runaway of the main reaction? "

» Calculate adiabatic temperature rise:

, 162.52
— Batch: ATaq xn = 2% = — 28 = 46K MTSR=Tp+ATad,,=5+46=51°C
’ Clp 3'5kg_-K MTSR

— Semi-batch 10% accumulation: MTSR=Tp+ XaccATad,, = 5 +0.1*46=9.6°C

Tp

ATy
® Secondary
Reaction

Main
Reaction

ATﬂd

@ G

67

©) [ A\

Normal {
Process i

Cooling Failure




Example

3. What temperature may be reached after runaway of the secondary reaction?

» Calculate adiabatic temperature rise:

3758

_ Qlrx _ kg _
— ATgg dec = by T 107K
p “kg-K

— TAMTSR+ ATad,,,
— Batch: Ti=51+107=158°C

— Semi-batch: Tf=10+107=117°C

MTSR

Tp

ATy
© Secondary
Reaction

Main
Reaction

@ 8 ®

Nogr%al \ ®Cooling Failure

Process &

Time
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Example

4. When does the cooling failure have the worst consequences?

For batch: at the beginning of the process (full accumulation)

For semi-batch: at the maximum accumulation T

. How long does the runaway of the main reaction take?

No information - conservative to neglect .

. How long does the runaway of the secondary reaction take?

TMRad from the MTSR Tp
— MTSR Batch 51°C

— MTSR Semi-batch 10°C

— TD,,=30°C

— Batch: MTSR > TD,, = TMRad < 24h for Batch

— Semi-batch: MTSR<TD,, = TMRad > 24h for Semi-batch

AT,
3) Secondary
Reaction
Main
Reaction
— ATd | S TMRad —
® 5 ®
<
No%al \ ®Cooling Failure

Process

b

Time
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Example

ThRad

* Probability of runaway TD,,=30°C 0 ~200h
— Estimation by extrapolating with van't Hoff rule 10 ~96h
20 ~48h

— Batch: TMRad at 51°C: ~6h - [HiGiiiobaDlIoNunaway 30 ~24h
40 ~12h

— Semi-batch: TMRad at 10°C: ~100h > LoW/probability of finaway 50 -6h

Probability

m 50°C < ATad < 200°C 8h<TMRad <24 h

Low ATad < 50°C and no TMRad > 24 h

pressure




Example

e Thermal risk

7]
)
Q
=
[
=]
=3
Q
7]
c
o

&

AT, > 200K

50K < AT,4<200K SEMI-BATCH

AT, 4 < 50K
And no pressure

TMR,, > 24h

Low

8h<TMR, <24

Probability

TMR

4S8h
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Thermal Risks: Assessment

Scenario :
Assessment of criticality

|

1-2

l

Process is not critical

}

No Measures
are required

)

Criticality ?

3-14

Process is critical

}

Design technical
Measures

5

1

Process is critical

}

Redesign
Process

)
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Characteristic Temperatures

 Tp: Process Temperature
Defined by the mode of operation

MTSR: Maximum Temperature of Synthesis Reaction
Defined by the accumulation of reactants and Tp

Toos: Temperature at which the Decomposition becomes critical TMRad = 24 hrs
Defined by the thermal stability of reaction mass

o MTT: Maximum Temperature for Technical Reasons
Defined by the equipment

Tp: 5°C MTSR5=51°C MTSR¢g=10°C Tpp=30°C MTT=~100°C (aqueous system, boiling T)
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Classification of Scenarios

Batch Semi-Batch ‘ Temperature
"A "A
MTT=100°C MTT=100°C -
MTSR =51°C .
-I-D24=300C TD24=300C
Tprocess I —
MTSR =10°C ~ e—
Criticality Index: 4 5
T,=5°C — T,=5°C —

® O



Example

» Conclusions
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Key points Cooling failure and Criticality Class

 Cooling Failure Scenario is the scenario used to assess the thermal hazard of a process
— Graph (normal conditions, main reaction, secondary reaction)

T AT,

— Six questions and Nomenclature ®| [ secondary
= MTSR: maximum temperature of the synthesis reaction | |
= Tf or Tend: final temperature - Feacton
= TMR,, or tmr,: time to maximum rate under adiabatic conditions — — ey —
ol o G

Tp -
(1)
ﬁofma 7'1H®Coming Failure ‘
Process N Time

Criteria Probability

ATad > 200°C TMRad <8 h

» Criteria for severity and probability assessment for thermal hazard
— Consequences: adiabatic temperature increase o

!

Cp

AT, =
50°C < ATad < 200°C 8h<TMRad <24 h

— Probability: TMRad or tmrad

ATad < 50°C and no
pressure

TMRad > 24 h



Key points Cooling failure and Criticality Class

m ATad o --

50K < AT,4<200K

And no pressure
TMR,4 2 24h 8h<TMR,,<24 TMR,_4< 8h
N N

Probability

* Thermal Risk

"
@
o
c
[
3
o
@
"
c
]

Qo

« Convert probability (TMRad) into a temperature (T,)
* Use 4 Temperatures to build-up criticality classes: (Tp, MTSR, MTT (boiling T for an open system), Tp,,)

‘ Temperature

Toas

MTT

MTT
MTSR MTSR MTSR
MTT
Tprocess — f—] = = =

Criticality Index: 1 2 3 4 5
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