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This tutorial represents part I of a six-part series on “Best Practices for Calculation of 

Self Accelerating Reaction Temperatures (TSA) for Reaction Systems” 
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Part I – Data Reduction

Part II – Kinetic Model Development

Part III – Semenov Approach, Simplified and 

Dynamic

Part IV - Kamenetskii Approach, 1D/2D, Simplified 

and Dynamic

Part V – Case Studies

Part VI – UN and DOT Requirements



What you are expected to learn from this tutorial includes
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How to develop simple iso-conversion 

kinetic models

How to develop thermal stability 

indicators including TSA, TNR, and tMR

How to evaluate thermal stability

How to develop detailed kinetic models

How to use detailed kinetic models for 

pressure relief systems design and 

evaluation

Key References:

G. A. Melhem, S. Grenier, and L. Ding, 

“Thermal stability indicators”, an ioMosaic 

Corporation white paper, August 2021.

G. A. Melhem, “Development of kinetic 

models – Part I. Thermal Stability”, an 

ioMosaic Corporation white paper, August 

2022.

G. A. Melhem, “Development of kinetic 

models – Part II. Pressure Relief 

Systems”, an ioMosaic Corporation white 

paper, August 2022.



Why do we need kinetic models?
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Exothermic runaway reactions can cause loss of containment, significant loss of property 

and life, and environmental impact

Safe storage, handling, and transportation of reactive chemicals require rate information 

for both desired and undesired chemistries

Safe Scaleup of laboratory data to plant scale

Numerous scenarios can cause runaway reactions

Safe discharge location considerations



What kind or types of kinetic models can be developed from 

calorimetry data?
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Simple or isoconversion 

models

Detailed models

Mechanistic?

Reaction rates are significantly influenced by temperature



Simple or isoconversion models are easy to develop but …
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Cannot be used for pressure relief design and/or vent containment design

Mostly used for thermal stability assessments where phase change can be neglected and 

where there is no mass exchange with the system boundaries

Do not require information about stoichiometry, phase change, or vapor/liquid equilibrium

Requires calorimetry data (ISO Laboratories recommended) as do detailed models



Detailed kinetic models are more complex than isoconversion 

models, but..
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They can be used to extend limited test data to wider ranges of composition, temperature, 

and pressure

Require the development of reaction stoichiometry, and detailed thermophysical and 

transport properties

Mostly used for modeling the dynamics of pressure relief systems and/or vent containment 

design, process dynamics, as well as thermal stability assessments

Recommended over direct scale-up models because they often result in practical designs 

and better risk reduction

Once a detailed kinetic model is developed, it can be used repeatedly in many process 

design and modeling applications



Temperature based isoconversion models assume that 

conversion of reactants is only a function of temperature
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But the reaction progress can also be expressed as a function 

of concentration and reaction rate
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Isoconversion models relate the reaction progress or conversion 

to concentration
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The reaction heating rate is expressed as a function of the 

overall heat of reaction and dα/dt
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Measured data can also be corrected for thermal inertia for simple 

single stage reactions
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ARC Measured dT/dt for a 20 % mixture of di-t-butyl peroxide 

in toluene (φ=1.78)
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The first order isoconversion 

model parameters are shown 

above. The overall heat of 

decomposition is determined to 

be -1,416 J/g of di-t-butyl 

peroxide.

We note that the initial 

concentration C0 is raised to the 

power n − 1 = 0 and does not 

influence the pre-exponential 

factor A



ARC data isoconversion best fit model for a 20 % mixture of di-t-

butyl peroxide in toluene (φ=1.78) using SuperChems Expert
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DSC data can also be used to develop isoconversion kinetic 

models based on heat flow data
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Integration of the conversion rate, dα/dt, yields the reaction time



Measured DSC heat flow data for alpha-methylstyrene at a 

heating rate, β = 5 C/min
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The integrated overall heat of 

reaction is approximately

-430 J/g



Best fit DSC isoconversion model parameters for alpha-

methylstyrene polymerization using SuperChems Expert
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The best fit isoconversion

model parameters are shown 

below



Similarly, mass loss data (TGA) can be used to develop simple 

isoconversion kinetic rate expressions
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Measured TGA mass loss data for calcium oxalate
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Isoconversion kinetic models can also be developed based on 

measured pressure and/or pressure rates
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More complex isoconversion forms can be used to represent 

multi-step reactions and reactions with autocatalytic behavior
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We can easily couple isoconversion models with thermal 

explosion theory
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TSA is the lowest ambient or heat transfer fluid temperature 

above which equilibrium is lost
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TNR is the absolute maximum safe operating limit
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SuperChems Expert TSA or SADT estimates for 20 % di-t-butyl peroxide 

in toluene
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Quick estimates for tMR, TNR, and TSA for 20 % di-t-butyl 

peroxide in toluene using SuperChems Expert
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Detailed kinetic models can be used for thermal stability and 

pressure relief systems evaluations
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Direct scaleup vs. detailed kinetic modeling

Development of reaction stoichiometry in addition to reaction rates

Representative reaction stoichiometry is a must because it is necessary for development of 

chemical compositions as the reaction proceed

Chemical compositions drive the vapor/liquid equilibrium conditions and as a result, the 

fundamental pressure-temperature relationship of the system

This in turn determines the coincident temperature and reaction rate(s) at the opening 

pressure of the relief device and the effective molecular weight and volumetric flow rate of 

what is being vented



Chemical equilibrium can provide insight into the potential 

hazards of many different types of chemical reactions
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DUrxn

LOW

HIGHCHETAH*

EQUILIBRIUM

RATE LIMITED

MIXING LIMITED

DIFFUSION LIMITED

* See E. S. Shanley and G. A. Melhem, “A review of ASTM CHETAH 7.0 hazard evaluation criteria”, 

Journal of Loss Prevention in the Process Industries, Vol. 8, No. 5, Pages 261-264, 1995



Direct minimization of the Gibbs free energy is the most 

effective method for calculating chemical equilibrium
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Can be used for multiphase systems (Solids, Liquids, Vapor)

Can be constrained using limited measurements to aid in the 

development of reaction stoichiometry

Can be used to screen the hazard potential of chemical reactions

Requires an atom matrix

Requires a large selection of potential reaction products

Requires thermodynamic properties

Difficult to solve for multiphase systems

Equilibrium states are often flat and require accurate numerics



A reaction that is thermodynamically possible but lacks a 

rapid mechanism is said to be “kinetically limited”
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kf

Reactants ➔ Products

kr

Keq = kf / kr

Quantity of Interest Question Methods

Degree of conversion How complete is the reaction? Thermochemistry

Theoretical

Speed of conversion How fast is the reaction? Kinetics

Measurements

Identity of components What is the composition? Equilibrium Constraints

Measurements

Many factors can drive a 

chemical reaction in either 

direction



Use of chemical equilibrium tools such as those provided in 

SuperChems Expert can speed up the development of 

reaction models
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Slow reactions are the passive constraints that will retard the 

relaxation of the system from reaching complete equilibrium,

Fast reactions will equilibrate the system subject to the 

constraints imposed by the slow reactions, and

The system will proceed to its final state through a sequence of 

constrained equilibrium states at a rate controlled by the slow 

reaction steps.



Development of reaction stoichiometry and rates requires 

expert skills and some understanding of the chemistry involved
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Stoichiometry drives vapor/liquid 

equilibrium and flow rate estimates



In order to develop a valid detailed kinetic model, five 

indicators must be demonstrated to have good fits
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Temperature vs. time: This should include the heat-wait-search portion of the calorimetry 

test or the constant heat ramp portion of the test

Pressure vs. time: This should include the heat-wait-search portion of the calorimetry test 

or the constant heat ramp portion of the test

Pressure vs. temperature: This is a critical system curve because it establishes the 

reaction rate at the opening pressure of a relief device. This relationship is sometimes 

intentionally biased to be slightly conservative to account for uncertainties in testing 

methods and thermophysical properties



In order to develop a valid kinetic model, five indicators must 

be demonstrated to have good fits (continued)
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dT/dt vs. time: This is used to also show the goodness of fit for the cool down portion of 

the test. Often, a logarithmic plot of dT/dt vs. Temperature is used

dP/dt vs. time: This is used to also show the goodness of fit for the cool down portion of 

the test. A logarithmic plot of dP/dt vs. Temperature or dP/dt vs. dT/dt is also used.



Best fit kinetic model developed using SuperChems Expert for 

the decomposition of 50 % dicumyl peroxide in toluene
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Best fit kinetic model developed for the polymerization (and 

polymer decomposition) of butyl acrylate inhibited with MEHQ
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Calculated pressure-time histories for fire induced butyl 

acrylate runaway polymerization using SuperChems Expert
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Kinetic models, simple or detailed, play an important role in 

chemical reaction safety
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We have developed an integrated suite of tools that can simplify and enhance the quality 

of chemical reaction systems evaluations for safe storage, processing, and transportation 

applications

Reactivity Expert

Reactivity data reduction and processing

Dynamic simulation of runaway reactions



Recommended additional reading
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G. A. Melhem, “Relief systems last line of defense, only line of defense?”, Process Safety 

Progress, vol 25, No. 4, December 2006

G. A. Melhem and Peter Howell, “Designing Emergency Relief Systems for Runaway 

Reactions”, Chemical Engineering Progress, September 2005

G. A. Melhem, “Calculate phase and chemical equilibria using Process Safety Office® 

SuperChems Expert™”, an ioMosaic Corporation white paper, March 2021.

G. A. Melhem, “Polymerization modeling for emergency relief systems”, an ioMosaic 

Corporation white paper, July 2020.

G. A. Melhem, “Polymerization reactions inhibitor modeling – styrene and butyl acrylate 

incidents case studies”, an ioMosaic Corporation white paper, July 2020.

G. A. Melhem, “Quickly develop chemical interaction matrices with SuperChems”, an 

ioMosaic Corporation white paper, March 2018.

G. A. Melhem, “Systematic evaluation of chemical reaction hazards”, an ioMosaic 

Corporation white paper, August 2022.



Recommended additional reading (continued)
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G. A. Melhem, “An advanced method for the estimation of reaction stoichiometry and rates 

from ARC data”, an ioMosaic Corporation white paper, August 2022.

G. A. Melhem, S. Grenier, and L. Ding, “Thermal stability indicators”, an ioMosaic 

Corporation white paper, August 2022.

G. A. Melhem, “Development of kinetic models – Part I. Thermal Stability”, an ioMosaic 

Corporation white paper, August 2022.

G. A. Melhem, “Development of kinetic models – Part II. Pressure Relief Systems”, an 

ioMosaic Corporation white paper, August 2022.

G. A. Melhem, “Advanced pressure relief design using computer simulation”, an ioMosaic 

Corporation white paper, August 2022.



For more information, please contact
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G. A. Melhem, Ph.D., FAIChE

melhem@iomosaic.com

C: 603-475-3646

ioMosaic Corporation

93 Stiles Road

Salem, NH 03079
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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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