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Criticality Classes — Understanding
Reaction Risk

e Often used to categorize the risk level of exothermic reactions

* Five levels (1 to 5):
* The higher the class, the more potential hazard, more caution and data are
required
* Assesses:
e Total temperature rise from the reaction
* Risk of secondary decomposition
* Possible mitigation strategies

Parameters based on temperature — pressure is usually the real hazard
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When things go wrong

Cooling Loss

Control system failure

Temperature Rise

Exothermic reaction accelerates

Runaway

Heat generation exceeds cooling

capacity
Decomposition

Secondary reactions begin
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Key Process Parameters

Process Temperature (Tp)

Normal operating temperature

MTSR

Maximum temperature of synthesis reaction

MTT

Maximum technical temperature limit

Td

Decomposition temperature
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Maximum temperature of the

synthesis reaction (MTSR)

Process Temperature (Tp)

MTT

Td

Process temperature plus the adiabatic temperature rise associated
with the heat of reaction

r

ATad =
a Cp

What is Cp? — of a reacting mixture, undergoing self heating
- So continually changing in both composition and temperature...
What about effects of solvent boil off

Heat of reaction is often measured using a reaction calorimeter

Calculation assumes the chemistry is the same at normal process
and runaway conditions
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Maximum temperature for

technical reasons (MTT)

Process Temperature (Tp)

MTSR

Td

In an open system this could be as simple as the boiling point — if the temperature
reaches that point, solvent will boil off and the temperature increase will stop.

Effect of increasing reactant concentration with solvent boil off — decreasing heat
sink effect of the solvent.

What happens if all the solvent boils off leaving a more concentrated reaction
mixture? — temperature may exceed MTT, changing class

In a closed system it is harder. Generally taken as the temperature at the
maximum possible pressure, often the relief set pressure.

Pressure relief can cause cooling in some circumstances, but will not necessarily
stop the reaction, which may continue to higher temperatures.

If all that happens is some non-condensable gas is relieved, the reaction will
continue to the decomposition phase, with potentially higher relief duty.
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Process Temperature (Tp)

MTSR

MTT

Decomposition temperature

Often taken as TMR24, TD24 etc

Empirical calculation methods generally assume Arrhenius kinetics and

a “global” reaction mechanism. Usually done via adiabatic calorimetry
or DSC

Not everything is as straightforward. Competing or sequential
reactions each with differing kinetic rate/temperature profiles can

occur. May not always get the same reaction

Previously, detected “onset” temperature was often used with an
appropriate safety margin, based on the sensitivity apparatus

Beware of autocatalytic or induction time effects
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Reaction Calorimetry

Data obtained:

e Power of reaction (hence cooling requirement)
Heat of reaction

Heat capacity of material (at beginning and end)

Kinetic information — is the reaction feed rate
limited or kinetically controlled

Allows us to estimate MTSR
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Feed rate vs Kinetically Limited Reaction
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Heat FIOW A Reaction temperature is controlled

through adjustable-temperature oil
circulating into a jacket

A Energy (enthalpy) and power exchanged by
reactive mass is (mainly) calculated through

Stirrer

UA= Qc

Qr=UA (Tj’-Tj) Electric | T, heat flow across wall between reactor and
(T)’-Tj) heater ' jacket:
=4 / Feed starts Q= UA (T-T;)
S . Reagltor temperature
- . T, and T, are constantly measured but heat
; /Tj Re?étion starts ;fut_ transfer characteristics, UA, must be
= evaluated in order to calculate Q
g Calibration o ) _
=3 This is done by keeping reactor in a stable
E Qc N condition (baseline state),then activating a

calibration heater providing a known power
and applying the above equation in baseline
A=wetted State and after heater activation

area

A 4

Time

A UA often changes during process being
affected by fill level, agitation, viscosity...
Hardware setup Hence UA determination is needed before and
Heater used for calibration only after experiment with results interpolation




Heat Flow

Heat flow calorimetry typical -
plot
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Power Com pensatiOn A Reaction temperature is controlled

through oil jacket and electrical heater

Oil Jacket is kept at a temperature (usually
10-20°) lower than desired setpoint. Process
reactive mass temperature is achieved by
adding extra power trough a controlled
heater, called “baseline power”

Feed starts E,ecmcc? /
| Eleétrical heating power

: ........................................................ Qbaseline
5 Qr = reaction power output

Q (t) Oil out:

Energy (enthalpy) and power exchanged by
reactive mass is directly measured by change
in power needed for heater to keep the
system at constant temperature

Q = O~in reaction'(1 baseline)

Time Oil in Intuitive live data interpretation during

Xowetted EXPEriment

area

A UA (as well as Cp) determination still possible
but not needed.

Hardware setup
same as HF, heater used for T control




Power Compensation

Power compensation calorimetry typical plot 5I:)’ower compensation - reaction between water and acetic .a\nhydride200
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Data Comparison
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Adiabatic Calorimetry

Phi-TEC |  Exotherms can be tracked to eliminate heat
loss

e Data Obtained:

e “onset” temperature

e Adiabatic temperature rise (Phi corrected)

* Heat of reaction, based on heat capacity...
Phi-TEC I
| * Kinetic parameters — activation energy etc

(where a kinetic fit can be applied to the data)
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Heat losses and PHI-factor

* Heat losses on a small scale are proportionately much larger than on
plant scale

* Eliminate heat losses so that all the heat of reaction goes into heating
the sample and the test cell.

* Track the sample temperature using oven heaters.
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What is the Phi-Factor?

* During self-heating, the reactor or container is heated as well as the reacting
materials.

e Phi factor can be described as a measure of how much of this heat is used to heat
the container

(Mass x specific heat) + (Mass x specific heat)

sample container

(Mass x specific heat) g,

Large Scale Equipment 1< ¢ <1.05
Laboratory Scale Equipment 1.05< ¢ < 10
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Test Cells

’ ’ Examples of high @ test cells

Examples of low @ test cells
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Effects of PHI factor

TEMPERATURE (C)

FIG 4 : DECOMPOSITION OF NMTS (20%) IN DIOXANE
TEMPERATURE Vs TIME
[NMT|S is N-nilroso-n-melthyl-p-loluene-sulfor]omide]
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Heat rates

dT/dt (C/minute) PHI = 1077

DECOMPOSITION OF NMTS (20%) IN DIOXANE
EFFECT OF PHI-FACTOR
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Kinetic data

Data at different phi

factors can often be

described by a single
kinetic model

————— —— — — -

pr N -

PE=13.468 IN[ERCEPT= 26.18

- -

|
| s M
| = >
—
|
| .
.
| = s
| [ )
| o
- —
| |
lllllllllllllllllll A &=
| _ T
| | 2
| |
! 1
|
| -
|
| -
|
...... U FRRUDIEY WS | S =
i | | nﬂ_
w0 w ([~ |
) S T
—— O |
| ~— | -
I Il | |
S la ! e
| |
O ® |5 I =2
: : h =
T T L 7 | b (R | l.d
=) o (] = () o o
= § S ® 7 g g
' |

(uw/1) INVISNOD 31Y4-00n3sd

www .helgroup.com



Conclusions

e Criticality charts are extremely useful in reviewing process hazards
and defining bases of safety

 There may be further considerations to be made - Some situations
may fall outside the strict definitions

* Beware when parameters are close in value

 Some assumptions are inevitable when dealing with reacting mixtures
of changing composition and temperature.

 Different apparatus is needed to get the various parameters

* Understanding the data and what it means, what might happen is
always important.
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Thank you for listening
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