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EXECUTIVE SUMMARY 

An exothermic reaction can lead to a thermal runaway, which begins when the heat 

produced by the reaction exceeds the heat removed (e.g. in case of a cooling failure). TMRad is the 

‘time to maximum rate’ of heat production under adiabatic conditions and is a measure of the 

probability of occurrence of a thermal runaway. It is therefore, an important parameter in the 

assessment of thermal risks and hazards. According to the Stoessel Criticality Index, a process that 

is operated at a temperature with a TMRad greater than or equal to 24 hours is highly unlikely to 

develop a thermal runaway. TD24 is the temperature at which the TMRad is 24 hours. Several 

calorimetric techniques coupled with mathematical models are available for the evaluation of these 

parameters. Differential Scanning Calorimetry (DSC) is the most commonly used calorimetric 

technique in thermal hazard evaluation studies in process industries. The analysis of calorimetric 

data obtained from experiments includes three steps, namely, kinetics evaluation, correction of 

experimental data with respect to thermal inertia, and finally, the estimation of TMRad and TD24
10. 

Two approaches are available for this type of data treatment, the Standard (Simple) Approach and 

the Expert Approach10. The Simple Approach uses the Arrhenius Linearization Method for the 

evaluation of kinetics, the Enhanced Fisher Method for experimental data correction regarding 

thermal inertia and the Frank-Kamenetskii Method for the model-based evaluation of TMRad and 

TD24. On the other hand, the Expert Approach uses the kinetics based simulation approach, i.e., 

experimental data is used to evaluate reaction kinetics using non-linear optimization and numerical 

integration methods followed by simulation of the behavior of the reaction under purely adiabatic 

conditions to evaluate the TMRad and TD24. While the Simple Approach is easy to use, the Expert 

Approach is experimentally more expensive and accurate. Commercially available software for 

the extraction of information about TMRad and TD24 from experimental adiabatic or pseudo-

adiabatic data include the AKTS Thermal Safety Software, the CISP Thermal Safety Series 

(ADaExpert and ForK components), and the MT STARe Software Option Advanced Model Free 

Kinetics. TMRad and TD24 are important parameters that need to be considered in designing a 

process with potential for thermal runaway. Additionally, information about these parameters is 

necessary to design emergency response procedures in the event of a runaway. The linearized 

model-based estimation of the TD24 is more conservative and sometimes, more restrictive as 

compared to the commonly used 50 K and 100 K rules5. The more sophisticated methods of 

calculating the TD24 are more accurate and give more flexibility.  
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INTRODUCTION 

In a study conducted by the U.S. Chemical Safety and Hazard Investigation Board in the 

year 2002, 167 serious industrial accidents involving runaway reactions (between 1985 and 2001) 

have been identified19. The explosion at T2 Laboratories in Jacksonville, Florida is a typical 

example of a runaway chemical reaction. When a cooling system fails to remove adequate heat 

from a reactor, the temperature inside the reactor increases. This increase in temperature results in 

an increase in the rate of the reaction and a consequent increase in the rate of heat production. 

While the rate of heat production can increase exponentially, the cooling capacity of the system 

increases only linearly with increase in temperature. In addition to this, large commercial reactors 

behave like adiabatic vessels (due to large surface to volume ratios, heat losses are negligible). 

Owing to these factors, the temperature inside the reactor increases uncontrollably and a runaway 

reaction or a thermal explosion develops.  

Risk is frequently defined as a product of severity of a potential incident and its probability 

of occurrence. The severity of a thermal runaway is very high because it can result in fatalities 

along with significant business interruption. Consequently, efforts must be made to reduce the 

probability of occurrence of a runaway reaction, which can be described using the time required 

to reach the maximum rate of heat production once self-heating of the reaction mixture has begun1. 

The process temperature at which time to maximum rate under adiabatic conditions is 24 hours is 

known as the TD24. To evaluate the values of the latter parameters for a given exothermic reaction, 

calorimetric data is needed. Calorimeters that are used for this purpose are the Differential 

Scanning Calorimeter (DSC), the Accelerating Rate Calorimeter (ARC), Advanced Reactive 

System Screening Tool (ARSST), Reaction Calorimeter (RC), Dewar Calorimeter, and more 

recently, Vent Sizing Package 2 (VSP2), Automatic Pressure Tracking Adiabatic Calorimeter 

(APTAC), the Thermal Activity Monitor (TAM), and the Differential Accelerating Rate 

Calorimeter (DARC). Experiments are carried out using these calorimeters and the data so 

obtained is analyzed using mathematical models or commercially available software to extract 

information about the TMRad and the TD24.  

OBJECTIVE 

The objective of this report is to present a literature review on the concept, ‘Temperature 

at which Time to Maximum Rate (under adiabatic conditions) is 24 hours’. The report outlines 
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various calorimetric techniques, mathematical models and commercially available software 

packages used for the estimation of the TMRad and hence, the TD24. A comparison between the 

TD24 and the commonly used 50 K and 100 K rules is also briefly discussed. 

CALORIMETERS USED IN SAFETY LABORATORIES 

Several calorimeters are available in the market but a relatively fewer number are suitable 

for the purpose of thermal risk and safety assessment. In this report, eight commonly used 

calorimeters are discussed. They can operate in four different modes: 

Isothermal Mode: The temperature is maintained constant during the experimental run. This mode 

gives direct access to the conversion term of the rate expression as the effect of temperature on the 

rate of the reaction is eliminated. Several experiments at different temperatures need to be carried 

out in order to study the effect of temperature on the reaction rate.  

Dynamic Mode: The sample mass is heated at a constant temperature rate. Once self-heating of 

the sample mass is detected, most calorimeters switch to adiabatic mode by matching the 

surrounding temperature with that of the sample. DSC and ARSST however, continue heating 

beyond this point. This mode is used for reactive chemical studies.   

Adiabatic Mode: Adiabatic conditions are maintained to avoid heat flow to the surroundings. 

Therefore, the increase in temperature is a result of the thermal activity of the sample alone. The 

readings must be corrected for thermal inertia (Ø-factor).  

Heat-Wait-Search Mode: The sample is heated to a pre-determined temperature and then tested 

for self-heating. If self-heating is detected, the calorimeter switches to the adiabatic mode 

immediately. If no self-heating is detected within the specified period of time, the temperature is 

increased and the process is repeated. This mode is useful for those chemicals that take a longer 

time to react. It is also relatively more accurate than the dynamic mode at determining the onset 

temperature.  

The walls of the sample cell in a calorimeter absorb part of the heat released by the sample 

during the course of the experiment. Therefore, the readings need to be corrected for thermal 

inertia. Thermal Inertia (Ø-factor) can be calculated using the following expression2. 
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     ∅ = 1 +
(Mass × Specific Heat Capacity)𝐶𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 

(Mass × Specific Heat Capacity)𝑆𝑎𝑚𝑝𝑙𝑒
 

A Ø-factor of close to 1 represents ideal adiabatic conditions. The actual adiabatic 

temperature rise is obtained by multiplying the experimental adiabatic temperature rise value with 

the Ø-factor. The eight commonly used calorimeters are as follows: 

Differential Scanning Calorimetry (DSC) 

DSC is an analytical technique that measures the heat flow rate to or from a sample mass 

as it is subjected to a controlled temperature program. It can operate in two modes, namely, the 

isothermal mode and the dynamic mode. The advantage of using this instrument is that it requires 

a very small amount of sample (3 to 20 mg). Highly exothermic reactions can be studied under 

extreme conditions without any risk to personnel or equipment. A dynamic DSC run can be carried 

out from room temperature to 500°C at a rate of 4 K/min in about 2 hours1. The instrument is 

popular for initial screening studies of exothermic reactions in thermal hazard evaluation 

laboratories1, 2. Self-heating data obtained from a single dynamic DSC run or several isothermal 

DSC runs can be analyzed to estimate the TMRad and the TD24
3.  

Accelerating Rate Calorimeter (ARC) 

The ARC can operate in the heat-wait-search mode or the isothermal age mode. The basic 

principle of the instrument is to maintain the sample under adiabatic conditions once an exothermic 

reaction or self-heating of the sample is detected4. The heat thus generated accelerates the rate of 

the reaction. ARC experiments are generally time-consuming and are effective for reactions with 

low self-heat rates1, 4. It is a pseudo-adiabatic calorimeter and popular as a screening technique in 

thermal risk assessment studies.  

Dewar Calorimeter 

Dewar Calorimeters operate in the adiabatic mode and require an effective temperature 

control system to avoid heat losses. The temperature of the sample is recorded as a function of 

time and must be corrected for thermal inertia. Experiments on a Dewar flask with a volume of 

about 1 liter can simulate thermal behavior (in terms of heat losses) equivalent to large industrial 

reactors (about 10 m3 capacity) 1, 5. The sensitivity of the instrument is directly proportional to the 
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size of the Dewar flask used and the amount of sample required is typically about 200 g. Dewar 

calorimeters are mainly used for thermal stability studies.  

Reaction Calorimeter (RC) 

The principle behind the operation of a reaction calorimeter is to perform a reaction under 

conditions that are as close as possible to the actual operating conditions of the plant. It can be 

operated in the isothermal mode or a temperature programmed mode. An RC must be able to 

perform the same operations as an industrial stirred tank reactor (controlled addition of reactants, 

refluxing, distillation, etc.) while simultaneously tracking the thermal phenomena that occur 

during these operations1. RCs are used for safety analysis, process development and scale-up 

studies of a wide variety of reactions.  

Thermal Activity Monitor 

The Thermal Activity Monitor is a differential calorimeter with a high sensitivity and a 

sample size of about 1 g. The sample is surrounded by a battery of thermocouples and a high 

precision thermostat. This calorimeter operates in the isothermal mode and therefore, the scope of 

ambiguity in the interpretation of experimental data is reduced6, 7. It is used for the study of thermal 

confinement problems, study of long-term stability at storage, and to confirm the validity of 

extrapolation of the heat release rate measured by isothermal DSC experiments1.  

Advanced Reactive System Screening Tool (ARSST) 

The ARSST has a Ø-factor of about 1.04 and can be considered as an adiabatic calorimeter2, 

8. This feature allows the measured data to be applied to the process scale directly. The ARSST 

comes with a patented device, the Flow Regime Detector, which can distinguish between ‘foamy’ 

and ‘non-foamy’ runaway reactions. It can operate in the dynamic mode, adiabatic mode or the 

heat-wait-search mode.  

Vent Sizing Package 2 (VSP2) 

 The VSP2 operates in the heat-wait-search mode. It has a low Ø-factor and sample size of 

about 120 ml6. It is used for reactions with high self-heat rates, sizing relief valves and for 

identifying the occurrence of two-phase flow during relief discharge2. The data obtained from the 

VSP2 can be directly scaled up without the need for tedious computational efforts6.  
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Automatic Pressure Tracking Adiabatic Calorimeter (APTAC) 

The APTAC has a low Ø-factor value owing to its large sample size (100 ml) and unique 

pressure balancing system. The data obtained from it can be directly applied to larger reactors 

without the need for scale-up correction. It can also be operated in the isothermal age mode. It has 

a low self-heat detection limit and allows experiments that require injection of reactant. APTAC 

data is used for reactive system process characterization, pressure relief system design, defining 

safe upper and lower limits, and batch & semi-batch reaction process simulation9.  

MATHEMATICAL MODELS FOR THE ANALYSIS OF CALORIMETRIC DATA 

The analysis of calorimetric data for thermal hazard evaluation involves three steps: (1) 

Evaluation of the Kinetics of the Reaction, (2) Correction of Experimental Data regarding Thermal 

Inertia, and (3) Estimation of Time to Maximum Rate under Adiabatic Conditions.  

Evaluation of Kinetics 

The most commonly used model for the evaluation of the kinetics of the reaction (or 

thermal decomposition) is the Arrhenius Linearization Method and corresponds to the following 

expression10. This method assumes the differential iso-conversional approach, i.e., the rate of the 

reaction in terms of conversion is dependent on the temperature of the reaction alone. Parameters 

used in the equations below are defined in the nomenclature section at the end of this report. 

ln
d ∝

dT
= ln k0 + n(1−∝) −

E

RT
 

For complex reactions, the complete kinetic model comprising heat balance equation and 

energy source equation has to be integrated numerically and the resultant temperature curve should 

be compared with the experimental temperature response.  

Correction of Adiabatic Data for Thermal Inertia Change 

Four steps are involved in the correction of adiabatic temperature data for thermal inertia. 

This method of Ø-factor correction is referred to as the Enhanced Fisher’s Method10.  

Step 1: Determination of Adiabatic Onset Temperature.  
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1

Ton.ad
=

1

Ton
+

R

E
ln ∅   where Ton is the experimentally determined onset temperature 

Step 2: Estimation of Adiabatic Temperature Course using the following expression10.  

Tad(t) = Ton.ad + ∅ [T(t) − Ton] 

Step 3: Reconstruction of the Adiabatic Self-Heat Curve using the following equation10.  

(
dT

dt
)

ad
= ∅ (

dT

dt
)

∅ > 1
exp [

E

R
(

1

T
−

1

Tad
)]    where (

dT

dt
)

∅ > 1
is the experimetnal Self Heat Rate 

Step 4: Reconstruction of Adiabatic Time Scale using the following expression10. 

t = ∫
dT

(dT dt⁄ )ad
   ;    Tad(t) = Ton.ad + ∅ [T(t) − Ton]

Tad

Ton,ad

 

These adiabatic time points must be sequentially assigned to the adiabatic temperatures and the 

adiabatic Self-Heat Rate.  

Estimation of Adiabatic Time to Maximum Rate and TD24 

In thermal hazard evaluation studies, zero-order approximation of reaction kinetics is often 

assumed. This is because it results in a more conservative estimate of the TMRad
1. The most well 

established method for the analytical calculation of TMRad is the Frank-Kamenetskii Method 

which assumes zero-order kinetics10, 11, 12. The expression for the calculation of TMRad using this 

method is as follows5.  

TMRad(T0) =
cpRT0

2

q0E
                          

 

Adiabatic Time to Maximum Rate is determined as function of temperature and a Thermal 

Safety Diagram is constructed, from which temperature at which TMRad is 24 hours (TD24) can be 

determined. Figure 1 is an example of a typical thermal safety diagram.  

Alternatively, the temperature at which TMRad is 24 hours can be determined using the 

following expressions5. 

 TD24 = (
1

Tonset
−

R

E
 ln [

TD24
2  R cp

E TMRad qonset
]  )

−1

 

 

q0 = qonset exp [
E

R
(

1

Tonset
−

1

T0
)] 
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Pastre et.al (2000) applied a linear regression to the TD24 equation to express TD24 as a 

function of Tonset. The resulting equation has a correlation factor of 0.9998 and is referred to as the 

Model Based Estimation Method and was first introduced by Keller et.al (1997) 3, 5.  

TD24[𝐾] =  0.65Tonset[𝐾] + 50  

Tonset is the temperature at which self-heating of reaction mass is detected by the 

calorimeter. Figure 2 shows a typical dynamic DSC curve which depicts the onset of self-heating 

of the sample under study.  

 

Figure 1: Thermal Safety Diagram, TMRad Vs Temperature1 

 

Figure 2: Dynamic DSC Experiment with well-defined onset temperature5 
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In principle, the most accurate method of estimating the TMRad is to perform an adiabatic 

experiment. In this case, the following equation can be used for its evaluation4.  

 TMRad = ∫
dT

k (
Tf − T
∆Tad

)
n

∆TadC0
n−1

Tm

T

 

For the estimation of TD24, the temperature profile of the reaction is obtained from an 

adiabatic experiment conducted for instance, on a Dewar Calorimeter. The differential increase in 

temperature dT/dt is obtained and plotted against the inverse of the temperature. The results from 

the experiment are then extrapolated to obtain the temperature at which time to maximum rate is 

24 hours (TD24). It is important that the time span of the adiabatic temperature rise is between 10 

and 40 hours (extrapolation is more robust) 5. For initial screening purposes, performing adiabatic 

experiments is not practical in the chemical industry because of the fact that it is time-consuming 

and requires a large amount of sample (often these quantities are not available).  

The Simple Approach versus the Expert Approach 

Two different approaches are available for the analysis of experimental adiabatic data, the 

Simple Approach and the Expert Approach10. In the Simple Approach, kinetics are evaluated using 

the Arrhenius Linearization Method. This method is best suited for single-stage non-autocatalytic 

reactions. The adiabatic data is corrected for the thermal inertia factor using the Enhanced Fisher’s 

Method. Finally, the time to maximum rate under adiabatic conditions is evaluated using the 

Frank-Kamenetskii Method.  In the Expert Approach, kinetics are evaluated using complex non-

linear optimization methods and numerical integration of heat balance and energy source 

equations. After developing the kinetic model, reacting system behavior is simulated under 

conditions of interest, specifically under pure adiabatic conditions and the TMRad is determined 

using the simulation. Analysis of calorimetric data via the Expert Approach is carried out using 

software packages. The two approaches must be considered as mutually complementary to each 

other. The Simple Approach can be successfully used for fast preliminary evaluation of complex 

reactions and can be considered reliable in the case of simple single-stage non-autocatalytic 

reactions. For all complex reactions, it is necessary to use the Expert Approach to arrive at more 

reliable and accurate results.  
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COMMERCIALLY AVAILABLE SOFTWARE 

Software packages are available in the market that can be used to analyze calorimetric data 

in order to extract information about the TMRad and TD24 and also to predict the behavior of a 

reacting system. Experimental data is fed to the software and its components evaluate the kinetics 

of the reaction and predict its behavior under conditions of interest. Some of these commercially 

available software packages are discussed below.  

Advanced Kinetics and Technology Solutions (AKTS) Thermal Safety Software 

AKTS-Thermal Safety Software enables the calculation of the time to maximum rate under 

adiabatic conditions. It also enables the prediction of the heat accumulation process and the 

reaction progress for any surrounding temperature profile including isothermal, stepwise, periodic 

temperature variations, temperature shock and real atmospheric temperature profiles13. AKTS 

Thermal Safety Software predicts the reactivity of a substance both in extended temperature ranges 

and under temperature conditions for which experimental data collection is difficult. In order to 

do so, it requires about four DSC measurements carried out with different heating rates, generally 

in the range of 0.25 to 8 K/min13, 14. Kinetics of the reaction are evaluated using experimental DSC 

data by assuming the differential iso-conversional approach. The software is capable of 

constructing the thermal safety diagram by simulating thermal behavior of a material under 

adiabatic conditions for given values of heat of reaction, specific heat capacity of sample, initial 

temperature and thermal inertia. From these safety diagrams, information about the TD24 can be 

obtained. To simulate behavior under isothermal conditions, a very large value is chosen for the 

Ø-factor. All of the heat released by the sample is dissipated to the surroundings and the sample 

attains a constant temperature. Figure 3, generated by the software, depicts the comparison 

between the temperature profiles for adiabatic and isothermal conditions.  
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Figure 3: Simulated Temperature-Time Curves under Adiabatic and Isothermal Conditions13 

Red curves in Figure 3 represent adiabatic conditions and green curves represent isothermal 

conditions. Figure 4 is a screenshot of the AKTS Thermal Safety Software being used to predict 

the safety diagram. Calorimeters that are compatible with the AKTS Thermal Safety Software 

include DSC, TAM, ARC, VSP2, and RC. 

 

Figure 4: Screenshot of the Predictions Window of the AKTS Thermal Safety Software 13 
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Cheminform St. Petersburg Limited (CISP) Thermal Safety Series 

The Thermal Safety Series (TSS) is very useful for the assessment of reactive hazards of 

chemical processes and products. The ADaExpert is one of the components of the TSS structure 

that processes and analyzes adiabatic data generated by (pseudo) adiabatic calorimeters of various 

types (ARC, VSP, Phi-Tec, RSST, and Dewar) 15. It consists of a module to predict the time to 

maximum rate under adiabatic conditions. The software employs the Kinetics Based Simulation 

Approach, i.e., the kinetics of the reaction are evaluated using experimental data and then, thermal 

hazards under various conditions of interest are predicted using simulation. The Figure 5 below 

shows the TSS structure and the functions of its components.  

 

Figure 5: Flowchart explicating TSS Structure15 

Mettler Toledo STARe Software Option Advanced Model Free Kinetics (MFK)  

 Advanced Model Free Kinetics (Advanced MFK) is a software program that helps in the 

investigation and optimization of a process16. It allows the prediction of the behavior of a sample 

outside of the practical measurement range. Information on aging, oxidative stability, product 

lifetime and process optimization can be obtained without the need for time-consuming 

experiments16. The advantages of Advanced Model Free Kinetics are: kinetic evaluations can be 

made without the previous selection of a reaction model, the method can be applied both to simple 
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and complex reactions, simulation studies are possible, i.e., prediction of the reaction kinetics 

under conditions of interest. Advanced MFK can evaluate and analyze any one of the following 

curves: dynamic curves, isothermal curves, and curves measured with a combination of dynamic 

and isothermal segments16. It can also make predictions about autocatalytic reactions, which are 

important in safety investigations.  

TD24 VERSUS 100 K & 50 K RULES 

The 50 K rule states that the safe operating process temperature is 50 K below the onset 

temperature detected by a Differential Scanning Calorimeter. Similarly, the 100 K rule states that 

100 K below the onset temperature is safe for operation. Both these rules are based on the concept 

of onset temperature, which does not have a scientific basis. Onset temperature detected by a 

calorimeter depends on a number of factors like experimental conditions (such as the heating rate), 

sensitivity of the instrument, and sample mass used5. No reaction has a defined starting 

temperature. However, the estimation of TD24 is based on reaction kinetics which is scientifically 

more accurate.  

Pastre et.al (2000) tested the Model Based Estimation Method introduced by Keller et.al 

(1997) using results from 180 Dewar vessel experiments. Onset temperatures were determined 

from dynamic DSC runs and ADT 24 (temperature at which TMRad is 24 hours derived from 

adiabatic tests) values were determined from adiabatic storage tests. In the Figure 6, ADT 24 

values from 180 adiabatic Dewar tests are plotted against onset temperatures of corresponding 

DSC measurements. The black line represents the model-based estimation of TD24, the grey line 

represents the 100 K rule, and the dashed line represents the 50 K rule. It was concluded that the 

50 K rule is not a safe estimation method as most data points are located below the dashed line. 

For the 100 K rule, a number of the data points are located close to the grey line at higher 

temperatures and only 8 points lie below this line. The model-based estimation method of TD24, 

however, fulfills the requirement for all samples as all data points lie above the black line. It was 

concluded that the values of TD24 estimated using the linearized model are always more 

conservative than the values of ADT 24 obtained from adiabatic measurements5. Sometimes, these 

values can be too restrictive and it would not be practical to run a process at such temperatures.  



P2SAC Sai Swetha Sathanapally November 2018 

14 
 

 

Figure 6: ADT 24 values (from 180 adiabatic experiments) plotted against the onset temperature 

(derived from dynamic DSC curves). Black line - model based estimation method, grey line - 

100 K rule, dashed line - 50 K rule5 

CONCLUSIONS 

TMRad and TD24 are both important parameters that need to be determined for the 

assessment of thermal risks and hazards. They can be estimated using approximated mathematical 

models, adiabatic experiments or simulation using commercially available thermal safety software 

packages. The linearized model-based estimated method (the Simple Approach) is meant for 

preliminary screening studies and for simple non-autocatalytic reactions. The kinetics based 

simulation approach (the Expert Approach) using thermal safety software can be used for more 

complex autocatalytic reactions. Adiabatic experiments are carried out when the risk of runaway 

is high and for special investigation purposes to increase precision of the value of the TMRad. 

TMRad is important to design heat transfer equipment and emergency response procedures. If an 

emergency cooling system is to cope with an imminent runaway reaction, then it must be effective 

within a time shorter than the TMRad. This time span is also known as the intervention time because 

up until this time an intervention can still successfully prevent an uncontrolled reaction.  TD24 
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defines the temperature at which it is safe to run the process being investigated.  It means that an 

intervention is possible within 24 hours. 

RECOMMENDATIONS 

Understanding runaway reactions require accurate measurements and/or predictions of the 

system’s TD24. Measurement of the latter can be carried out using a synergistic combination of 

experimental methods along with appropriate numerical methods.   

NOMENCLATURE 

∝ = (T − Ton)/∆Tad, Reactant Conversion Term 

∆Tad = Tmax − Ton 

Tmax = Temperature at which reaction rate is maximum  

∆Tad = Adiabatic Temperature Rise  

Ton = Onset Temperature 

Tonset = Onset Temperature 

T0 = Initial Temperature 

Tf = Final Temperature 

k0 = Pre-exponential factor 

k = Reaction Rate Constant 

cp = Specific Heat Capacity 

n = Order of the reaction  

R = Universal Gas Constant 

E = Activation Energy 

qonset = Heat Release Rate at Onset Temperature 

q0 = Heat Release Rate at Initial Temperature 
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