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Abstract  

Thermal safety assessment for multiple exothermic reaction systems in 

multiphase reactors is challenging. One of the first step is to determine the 

presence or absence of secondary reactions producing non-condensable 

gaseous products. Then, a kinetic and thermal study should be performed to 

evaluate the value of the heat-flow rates due to chemical reactions. Epoxidation 

of a free fatty acid by a percarboxylic acid produced in-situ was studied. A 

classical approach by determining the adiabatic temperature rise (∆Tad) and the 

time to maximum rate under adiabatic conditions (TMRad) by microcalorimetry 

was used. Then, different cooling and stirring failure scenarii in a semi-batch lab-

scale reactor under isoperibolic mode were performed. It was confirmed that the 

formation of peroxyformic acid governs the overall reaction kinetics and the 

reaction temperature. It was confirmed that in case of cooling failure, mechanical 

agitation should be maintained.   

 

 

 

 

Keywords: liquid-liquid reactions, cooling failure, accelerating rate calorimeter, 

thermal risk assessment, stirring failure, epoxidation.  
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1. Introduction 

 

Since the first oil crisis in the 1970’s, academic, political and industrial 

communities have decided to focus their efforts to diminish the energy 

consumption. Furthermore, environmental concerns have pushed these 

communities to minimize the amount of industrial waste. Biomass valorization 

into chemicals and fuel components can contribute to overcome this challenge 

through the philosophy of green chemistry (Paul Anastas and John Warner, 

1998). The advantage of using biomass as raw material is to diminish the 

dependency on the crude oil resources, using renewable materials and 

biodegradable ones.  

Biomass valorization includes several steps of pretreatment, transformation and 

separation. To determine whether a biomass process is less energy demanding 

than its oil-based concurrent, intrinsic kinetic parameters and thermodynamic 

constants should be determined. The book of Debalina Sengupta and Ralph W. 

Pike (2013) giving different biomass valorization process simulation shows the 

complexity of this research activity.   

Two major questions remain: 

- Biomass valorization processes are greener but are they safer?  

- How to make a thermal safety assessment in presence of consecutive 

reactions in multiphase reactor?  

These are the crucial issues to be considered.  
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Thermal risk assessment of chemical processes could be difficult to carry out 

because the knowledge of reaction kinetics and thermodynamics are required. 

Due to the high industrial competition and the time consumed in the estimation of 

kinetic and thermodynamic parameters, safety criteria are usually determined 

based on rapid microcalorimetric and calorimetric analysis. 

In case that kinetic data are not accurately determined, some authors have 

developed the concept of boundary diagram for semi-batch reactors for liquid-

liquid reaction systems (Steensma and Westerterp, 1988; Steensma and 

Westerterp, 1990; van Woezik and Westerterp, 2001; Maestri and Rota 2006) by 

defining some dimensionless quantities.  

The other issue for a liquid-phase reaction system is the presence of secondary 

reactions producing non-condensable gaseous products. These reactions can 

take place during the loss of the heat control. To evaluate the importance of 

these secondary reactions, different adiabatic reactors have been developed to 

follow as well the evolution of gas pressure such as Accelerating Reactor 

Calorimeter (ARC), Advanced Reactive System Screening Tool (ARSST) and 

Vent Sizing Package (VSP). 

Valorization of vegetable oils to chemicals or to biofuels illustrates that thermal 

risk assessment can be problematic. Based on a report from IEA Bioenergy by 

Frank Rosillo-Calle, et al. (2009), the worldwide production of vegetable oils has 

increased since 1975. The predominant use of vegetable oils is for alimentary 

products but there is an increase of industrial and biodiesel applications. As 
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illustrated by Fig. 1 (Nohra et al., 2013), different ways of vegetable oil 

valorization exist. 

 

Fig. 1 - Different ways of vegetable oil valorization (Nohra et al., 2013).  

 

Except for the production of biodiesel, which is industrially performed in 

continuous reactors such as Esterfip-H process (Boucot et al., 2003), the other 

processes of vegetable oil valorization are performed mostly in batch or semi-

batch process. The application of batch processes is due to small annual 

production volumes. From the safety viewpoint, the risk of thermal runaway is 

higher by using semi-batch and batch reactor.  

Vegetable oils epoxidation by Prileschajew oxidation illustrates the complexity of 

the thermal risk assessment due to the presence of several consecutive 

exothermic reactions. It is an exothermic liquid-liquid reaction system. Different 

kinetic models (pseudo-homogeneous or two-phase model) have been proposed 
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to describe this system (Sinadinović-Fišer et al., 2012; Santacesaria et al., 2012; 

Leveneur et al., 2014a; Zheng et al., 2016). Some authors have highlighted that 

the control of the temperature process is essential for this reaction (Monono et 

al., 2015; de Quadros Jr. et al., 2016). The production of percarboxylic acid by 

the corresponding carboxylic acid and hydrogen peroxide represent a risk of 

thermal runaway ( Leveneur et al., 2012; Ni et al., 2016).  

Oleic acid epoxidation by peroxyformic acid (PFA) produced in situ has been 

studied (Leveneur et al., 2014b) from a thermal safety aspect. Oleic acid was 

selected as a model molecule because it is a common fatty acid in vegetable oils.  

Peroxyformic acid is prepared in situ from hydrogen peroxide and formic acid in 

the aqueous phase (Fig. 2). Then, peroxyformic acid undergoes spontaneous 

decomposition (Leveneur et al., 2014a; Leveneur et al., 2012) or transfers to the 

organic phase to epoxidize the unsaturated group. Ring-opening by water, formic 

and peroxyformic acid proceed in the organic phase. This process is exothermic 

and the production of PFA governs the exothermicity of the reaction system.  
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Fig. 2 - Simplified mechanism of oleic acid epoxidation by PFA. 

 

Based on our previous research, the use of microcalorimetry (Leveneur et al., 

2014b; Leveneur et al., 2015) for such a system has led to the conclusion that a 

semi-batch reactor should be used, and reactant accumulation should be 

avoided. Does the formation of PFA govern the reaction temperature? if yes, by 

stopping the mechanical stirring, the rate of PFA transfer from the aqueous to the 

organic phase diminishes and the reaction temperature could also diminish.  

In the first part of the manuscript, micro-calorimetry experiments were used to 

determine the thermal risk in closed batch reactor, i.e., the worst case conditions. 

In the second part, the evolution of the heat-flow rate in the different reaction 

phases was determined.  

The last issue was to study the influence of the time of cooling failure on the 

reaction temperature. The objective of this study is to illustrate the influence of 

different thermal mode on a complex chemical system.  
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2. Experimental section 

 

Microcalorimetric experiments 

Experiments with Differential Scanning Calorimeter (DSC) were explained in a 

previous paper (Leveneur et al., 2014b). Accelerating Rate Calorimeter (ARC, 

Netzsch MMC 274 Nexus®) without mixing was used. Experiments were 

performed under adiabatic conditions. Table 1 presents the experimental matrix 

for the epoxidation of oleic acid by peroxyformic acid.  

 

Table 1. Experimental matrix for oleic acid epoxidation by peroxyformic acid in 

ARC with a reaction mixture mass of 2.04 g.  

 

 

Calorimetric reactor 

The same experimental reactor system was used as described in the previous 

article of our group (Leveneur et al., 2014a; Zheng et al., 2016). A 300 mL 

jacketed glass reactor with a pitched blade impeller was used as illustrated by 

Fig. 3. Different temperature probes were placed at different locations to 

measure the temperature at the reaction mixture, the inlet and the outlet of the 

jacket. The reflux condenser was fixed at 0°C to avoid the evaporation of liquid-

phase compounds.  

 

Compounds Weight percentage Molar percentage Compounds Concentration [mol/L]

Formic acid 16.16 10.56 [HCOOH]aq 5.21

Hydrogen peroxide 12.52 11.07 [H2O2]aq 5.46

Water 45.25 75.60 [H2O]aq 37.29

Oleic acid 26.07 2.77 [OA]org 3.26
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Under normal conditions, heat carrier flow circulates inside the reactor jacket 

(jacket volume of 300 mL) with a maximum volumetric rate of 8.8 L/min. Formic 

acid was added under semi-batch mode for 700 s at room temperature. The 

temperature mode was isoperibolic.  

 

Fig. 3 - Schematic representation of the experimental setup. 

Table 2 shows the experimental matrix for oleic acid epoxidation under normal 

conditions. Tables 3-5 summarize the experimental matrix for oleic acid 

epoxidation under accidents with cooling and/or stirring failure. For the sake of 
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clarity, the procedures for the experiments under normal and accident conditions 

were explained with the results.  

Table 2. Experimental matrix for oleic acid epoxidation by peroxyformic acid 

under normal conditions. 

Run TR,0 [HP]aq,0 [OA]org,0 QFA Vaq,0 Vorg,0 

 
[°C] [mol.L-1] [mol.L-1] [g.min-1] [L] [L] 

1 50.11 7.90 3.15 6.78 0.16 0.14 

2 60.03 8.57 3.16 6.74 0.17 0.15 

3 69.70 8.46 3.19 6.73 0.17 0.15 

 

Table 3. Experimental matrix for oleic acid epoxidation by peroxyformic acid 

under cooling failure. 

Run TR,0 [HP]aq,0 [OA]org,0 QFA Vaq,0 Vorg,0 Cooling failure period 

 
[°C] [mol.L-1] [mol.L-1] [g.min-1] [L] [L] [s] 

4 50.13 7.53 3.12 7.44 0.17 0.15 726-6354 

5 60.17 8.13 3.40 7.02 0.17 0.14 702-4233 

6 69.68 8.63 2.86 7.86 0.17 0.15 714-3705 

 

Table 4. Experimental matrix for oleic acid epoxidation by peroxyformic acid in 

semi-batch calorimeter under cooling and stirring failures.  

Run TR,0 [HP]aq,0 [OA]org,0 QFA Vaq,0 Vorg,0 Stirring failure period Cooling failure period 

 
[°C] [mol.L-1] [mol.L-1] [g.min-1] [L] [L] [s] [s] 

7 50.18 7.53 3.12 7.44 0.17 0.15 0-700 s at 100 rpm 700-4531 

8 49.29 7.53 3.12 7.44 0.17 0.14 0-700 s at 0 rpm 700-4669 
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Table 5. Experimental matrix for oleic acid epoxidation by peroxyformic acid in 

case of cooling failure after formic acid addition. 

Run TR,0 [HP]aq,0 [OA]org,0 QFA Vaq,0 Vorg,0 Cooling failure period 

 
[°C] [mol.L-1] [mol.L-1] [g.min-1] [L] [L] [s] 

9 50.00 7.63 3.17 6.72 0.17 0.14 700-1300 

10 50.00 7.62 3.17 6.92 0.17 0.15 700-1600 
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3. Results and discussion 

 

3.1 Thermal risk assessment based on micro-calorimetry results   

 

The following safety criteria: TD24, Maximum Temperature for Synthesis 

Reactions (MTSR), Maximum Temperature for Technical reason (MTT), TMRad 

and DTad were calculated or measured (Stoessel, 2008). The work presented in 

this section follows the same methodology as presented by Leveneur et al. 

(2015), and completes the previous study of Leveneur et al. (2014b).   

During the epoxidation of vegetable oils by peroxyformic acid, even at low 

process temperature, secondary reactions due to decomposition of PFA into 

gaseous product can occur (Leveneur et al., 2012). Thus, at process 

temperature, it is not possible to segregate synthesis reactions producing liquid 

products from decomposition reactions producing gaseous products. For that 

reason, MTSR was not calculated for this system.  

From DSC experiments, the total adiabatic temperature rise  was 

calculated to be 1000°C for oleic acid epoxidation by peroxyformic acid 

(Leveneur et al., 2014b). It should be kept in mind that this value represents the 

total energy released by chemical reactions including hydrogen peroxide 

decomposition divided by the heat capacity of the reaction mixture.  

 totalad,ΔT
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Fig. 4 - ARC for epoxidation of oleic acid by PFA at φ=1.87. 

Safety criteria linked to kinetics, i.e., TMRad and TD24, can be calculated from 

ARC experiments (Fig. 4). Thermal inertia of the system should be taken into 

account by using the φ-factor number (ca. 1.87), defined as  

 

 

Graphs of Fig. 4 show the presence of a thermal runaway leading to a pressure 

increase due to the presence of secondary reactions, i.e., decomposition of 

peroxides. The equilibrium water vapor pressure curve shows that the pressure 

increase is linked to the presence of gas released by secondary reactions.  
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By taking into account the thermal inertia of the system, it is possible to 

determine the safety criteria obtained by DSC and ARC (Table 6). 

Table 6. Safety criteria for oleic acid epoxidation by PFA.

Epoxidation by PFA Comments

Tfinal/°C 1070 Obtained from DSC

MTT/°C 100

Tp/°C 70

TD24/°C -17.4 Obtained from ARC

TD8/°C 1.2 Obtained from ARC

1000 Obtained from DSC

23.30 Obtained from ARC

TD24 is lower than the normal process temperature and the adiabatic temperature 

rise is high. Thus, this system should not be performed in a closed batch system. 

The main issue of this chemical system is the control of temperature to avoid the 

pressure increase due to the formation of gaseous products. 
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3.2 Reaction calorimeter 

 

According to section 3.1, it was found that the production of epoxidized oleic acid 

by PFA should not be performed in batch mode.  

A classical question asked to a student audience during a heat transfer lecture: 

“In case of cooling failure, should we stop the mechanical agitation in a batch 

reactor to avoid a thermal runaway accident?” The majority of students thinks 

that by stopping the mechanical stirrer the reaction will stop, and thus the risk of 

thermal runaway diminish. This logics is wrong, because reaction continues to 

progress with a certain kinetics, and the heat exchanged between reaction 

mixture and cooling system strongly diminishes.  

This approach could be different for the epoxidation of vegetable oils by PFA 

because it is a multiphasic system. Indeed, by stopping the agitation, the mass 

transfer kinetics of PFA from aqueous to organic phase is diminished. 

Consequently, the rate of epoxidation could slow down which would diminish the 

heat-flow rate released by the reaction, and also the temperature of the reaction 

mixture.   

The following scenarii were studied:  

- Cooling failure without stirring failure after the total addition of formic acid, 

- Cooling failure with stirring failure or low agitation after the total addition of 

formic acid, 

- Influence of cooling failure period.  
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3.2.1 Reactor thermal characterization 

 

To illustrate the complexity of the system, it is important to describe the mass 

and energy balances.  

The energy balance for a chemical reactor can be expressed as: 

(1) 

In other term, we obtain                                                                                      
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The term qacc states for the rate of energy accumulation within the reaction 

mixture. The term mR is the mass of the reaction mixture,  is constant-

pressure specific heat capacity of the reaction mixture and TR is the reaction 

temperature. The heat capacity can be expressed as: 

                               (3) 
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iR P

1

P Ĉ.Ĉ å
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By using a Tian-Calvet calorimeter (Zheng et al., 2016), the specific heat 

capacity of oleic acid and oleic acid ring-opening products were measured to be 

1.95 and 2.80 J.g-1.K-1, respectively within the temperature range of 40-70°C. 

The term qdosing is the rate of energy entering system by inflow. The term qreactions 

is the heat generated by the chemical reactions. The term qloss is the heat-flow 

loss.  

The heat-flow exchanged between the reaction mixture and the heat carrier flow 

circulating in the jacket is written qexchange to heat carrier flow. This term is proportional 

to the product UA, with U the overall heat transfer coefficient and A the heat 

transfer area, and Tj is heat carrier fluid temperature located in the reactor jacket.  

The overall heat transfer coefficient (U) can evolve during the reaction course, 

and can be expressed as a sum of thermal resistances such as   

         (4) 

where, and represent the convective resistance to the heat transfer from 

the reaction side and jacket side, respectively; dw is the thickness of the glass 

wall between reaction mixture and the heat carrier fluid, and λw is the heat 

conductivity of the glass wall. Eq. 4 was obtained by using the thin wall 

approximation. The Wilson plot analysis was used to determine these 

parameters at different temperatures and chemical compositions. 
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The term  can change during the reaction, and the term  can be 

merged to a constant and noted by . Eq. (4) becomes now:  

         (5) 

Under isothermal conditions and in the absence of chemical reactions, the 

properties of the fluid and geometrical factors are constant. Both of these 

conditions are fulfilled during the electrical calibration phase, thus the internal 

heat transfer coefficient can be expressed as 

             (6) 

 

After some simplification, Eq.(6) transforms to 

               (7) 

In case of stirred tank reactor, the value of the parameter a is 2/3. By plotting 1/U 

versus N-2/3, a straight line should be obtained if the model is valid. To carry out 

such measurements, different experiments with oleic acid, epoxidized oleic acid 

and ring-opening products from oleic acid were performed (Fig. 5).  
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Fig. 5 - Evolution of 1/U at 60°C. 

As described by Campanella et al. (2010), epoxidized and ring-opening products 

are thixotropic fluid meaning that their viscosities vary with the rotating speed. 

The aqueous phase and the fresh oleic acid organic phase can be considered as 

a Newtonian fluid. As the unsaturation group is converted to epoxide or to ring-

opening product, then the relation between U-1 and N-2/3 is not linear.     

The resistance term should be constant for the different experiments because 

it is linked to reactor and heat-carrier fluid properties. This parameter does not 

evolve during the process under normal conditions. It was calculated to be 

φR=400 W.m-2.K-1. This parameter was measured at 80°C, and the same value 

was obtained.  
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Based on this result and the models developed previously by our group 

(Leveneur et al., 2014a; Zheng et al., 2016), we have simulated the experiments 

corresponding to the initial experimental conditions of Run 3. Supplementary 

information gives into details the derivation of mass and energy balances and the 

simulation method (S1).   

 Figs 6 A-C present the results of the simulation. The heat-flow rate of the 

reactions from the organic phase is higher than the reactions from the aqueous 

phase (Fig. 6 A). 
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Fig. 6 - Simulation of oleic acid epoxidation by PFA with initial experimental 

condition of Run 3.  
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Based on this simulation, the PFA production governs the heat-flow rate of the 

reactions in aqueous and organic phases. The heat-flow rates of the reactions 

occurring in the organic phase (epoxidation and ring-opening reactions) is higher 

than the heat-flow rate of the reactions occurring in the aqueous phase 

(perhydrolysis and decomposition). Thus, one could expect that in case of a 

stirring failure accident, the heat-flow rate of reactions from the organic phase 

could diminish. If this hypothesis is correct, then it would be better to stop the 

stirring in case of cooling failure. For safety reasons, we wanted to check such 

assumption on a lab-scale reactor.   
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3.2.2 Cooling failure without agitation failure after the total addition of formic acid 

 

The following safety criteria for the laboratory-scale reactor were measured: 

maximum reaction temperature TRmax and time to maximum reaction temperature 

tmax. The maximum temperature for technical reason can be the boiling point of 

the reaction mixture.  

In a first step, oleic acid, hydrogen peroxide and water were added into the 

reactor under agitation. When the desired initial temperature was reached, formic 

acid solution was added with a mass flow rate of 7 g.min-1 for 700 s. When all the 

formic acid solution had been added, the heat carrier fluid circulation inside the 

reactor jacket was stopped. Fig. 7 shows a schematic view of the process.  

 

Fig. 7 - Schematic view of cooling failure accident with [OA]0,org≈3.12 mol.L
-1 and 

[H2O2]0,aq≈8 mol.L
-1. 
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Figs. 8 A–C show the evolution of the jacket and reaction temperatures under 

normal and accidental conditions for Runs 1-6. 

Fig. 8.A - Evolution of jacket and reaction temperature for Runs 1 & 4.
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Fig. 8.B - Evolution of jacket and reaction temperature for Runs 2 & 5.
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Fig. 8.C - Evolution of jacket and reaction temperature for Runs 3 & 6.

From Figs. 8 A-C, it can be noticed that in case of cooling failure, the system 

shifts from isoperibolic to a pseudo-adiabatic stage. Indeed, in case of adiabatic 

condition the jacket temperature would have followed the reaction temperature. 

One could observe that the system reach a maximum temperature corresponding 

to the boiling point of the reaction mixture. Table 7 summarizes the results of 

time to reach the maximum temperature tmax and maximum temperature TRmax.
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Table 7. Safety criteria tmax and Tmax. 

 Run 
Initial reaction 

temperature (°C) 
tmax (s) TRmax (°C) 

1 50.11 1653 84.46 

2 60.03 986 107.16 

3 69.70 648 107.47 

4 50.13 1683 101.08 

5 60.17 855 106.61 

6 69.68 597 106.97 

 

From Table 7, the time to reach the maximum temperature tmax is similar under 

normal and under cooling failure conditions. It can be noticed that when initial 

reaction temperature is 50°C, the maximum reaction temperature is higher in 

case of cooling failure. When the initial reaction temperature is higher than 60°C, 

then the maximum reaction temperature corresponds to the boiling point of the 

reaction mixture, ca. 106 °C. This maximum temperature cannot be overtaken.  

 

The safety criterion MTT is often the boiling point of the reaction mixture. From 

Table 5, it was defined to 100°C, which is the normal boiling point of water. From 

the experiment carried out in a semi-batch reactor equipped with a condenser, 

the boiling point was ca. 106°C, which is not different from the previous one. In 

the presence of the condenser, the reaction temperature cannot be higher than 

the boiling point, which can be used as a safety barrier.  
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From the microcalorimetric results, the time to maximum rate under adiabatic 

conditions was measured to be ca. 162 s, which is shorter than the one obtained 

from laboratory-scale reactor in case of cooling failure, i.e., ca. 600 s. This is due 

to the fact that results obtained from DSC and ARC are valid under adiabatic 

conditions and for a batch system.  For a semi-batch reactor under isoperibolic 

mode with a reflux condenser, in case of cooling failure the system shift to a 

pseudo-adiabatic system where evaporation, condensation and energy loss act 

as a safety barrier diminishing the thermal risk.  
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3.2.3 Cooling failure with agitation failure or low agitation after total addition of 

formic acid  

 

For this liquid-liquid reaction system, mixing is an important issue for mass and 

heat transfer. Furthermore, these two transport phenomena issues are closely 

linked. As illustrated by Figs. 6, the heat-flow rate of reactions from the organic 

phase is higher than reactions from the aqueous phase. The effect of the rotating 

speed on the reaction temperature was studied. The goal of such experiment 

was to obtain the maximum accumulation of oxidizing compounds.  

 
To have the worst-case scenario, stirring was stopped during the addition period 

to allow a maximum accumulation of the reactants under isoperibolic mode. 

Then, the stirring was restarted and cooling failure occurred. Fig. 9 illustrates this 

scenario.  

 

Fig. 9 - Schematic view of cooling failure accident with [AO]0,org≈ 3.12 mol.L-1 

[H2O2]0,aq≈ 8 mol.L-1 and initial temperature of 50°C. 
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addition
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As illustrated by Fig. 9, a stirring failure during the addition of formic acid into the 

reaction mixture was demonstrated. Two experiments were performed under 

same experimental conditions but with different rotating speeds, i.e., 0 and 100 

rpm. 

Fig. 10 - Evolution of reaction temperature for runs 1,4, 7 & 8.

Table 8. Safety criteria for runs 1, 4, 7 & 8. 

Run
Initial reaction 

temperature (°C)
tmax (s) Tmax (°C) Characteristic

1 50.11 1653 84.46 Normal condition

4 50.13 1683 101.08 Cooling failure 
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Run 4 (only cooling failure) and Run 8 (cooling failure and no agitation during the 

addition stage) were the two worst case scenario (Fig. 10). The maximum 

reaction temperature corresponded at the boiling point of the reaction mixture 

(Table 8). In the case of Run 8, a minor shift for the safety criteria tmax was 

noticed.  

Stirring plays an important role on the mass transfer and particularly on the PFA 

mass transfer but also on the heat transfer (Fig. 5). By stopping the rotating 

speed, heat-flow rate from organic phase might diminish but also heat transfer 

from reaction mixture to the heat carrier fluid. Run 7 shows that it is better to 

maintain the rotating speed to allow heat transfer between the reaction mixture 

and the heat carrier circulating in the reactor jacket.  

 

3.2.4 Time of no return  

 

The goal of these experiments was to evaluate the time of cooling failure on the 

reaction temperature. Two experiments under similar initial conditions (Runs 9 

and 10) were carried out but the time of the cooling failure after the FA addition 

was different.  

In a first step oleic acid, hydrogen peroxide and water were added into the 

reactor under agitation. As the desired initial temperature was reached, formic 

acid solution was added with a mass flow rate of 7 g.min-1 for 700 s. When all the 

formic acid solution was poured, the heat carrier circulation inside the reactor 
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jacket was stopped for a short time period. Fig. 11 shows a schematic view of the 

process.  

 

 

 Fig. 11 - Schematic view of cooling failure accident for Runs 9 & 10. 

  

Fig. 12 - Evolution of reaction temperature for Runs 9 & 10. 
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Fig. 12 shows the reaction temperature evolution for a cooling failure of 10 and 

15 minutes. In case of 10 minutes (Run 9) of cooling failure, the maximum 

reaction temperature does not reach the boiling point, whereas at 15 minutes, the 

cooling system cannot compensate the heat-flow rate from the chemical 

reactions.   

 

 

  



 34 

Conclusions   

 

Controlled cooling and stirring failure accidents were performed in a semi-batch 

reactor under isoperibolic mode at lab-scale. A liquid-liquid system composed of 

multiple exothermic reactions was used, i.e., oleic acid epoxidation by 

peroxyformic acid.  

Safety criteria from DSC and ARC experiments were measured. It was found that 

TD24 was lower than the initial process temperature making the process in closed 

batch unreasonable. Furthermore, from ARC measurements, we have found that 

pressure increase was due to secondary reactions. Cooling failure accidents 

were performed in a semi-batch calorimeter equipped with a reflux condenser to 

determine the time to maximum temperature tmax and the maximum temperature 

TRmax.  

Simulations revealed that the heat-flow rate of reactions from the organic phase 

was found higher than the heat-flow rate of reactions from the aqueous phase. 

The effect of stirring speed on the reaction temperature was investigated. By 

stopping the mechanical agitation, the peroxyformic acid mass transfer and 

epoxidation was retarded but also the heat transfer from reaction mixture to heat 

carrier. The decrease of the heat-flow rate of the reactions from the organic 

phase and the decrease of heat transfer from the reaction mixture to the heat 

carrier lead to a thermal runaway. Consequently, for this particular system with 

an oxidizing agent transfer, in case of cooling failure, the rotation should not be 

stopped. 
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One should keep in mind that the adiabatic temperature rise and TMR at 

industrial-scale system can be higher and shorter because thermal inertia factor 

is closer to one. Thus, in case of cooling and/or stirring failure, the industrial 

system can reach real adiabatic conditions. To prevent such thermal risk, the 

addition of one reactant should be done slowly with an immediate system of 

feed-shutdown in case of cooling or stirring failure.  
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Notation 

 

A heat transfer area [m2] 

PC   constant-pressure heat capacity per mol [J.mol-1.K-1] 

PĈ  constant-pressure heat capacity per mass [J.g-1.K-1] 

De internal diameter of the reactor [cm] 

ds stirrer diameter [cm] 

dw thickness of the glass wall [cm]  

hj conductivity of the stagnant film from jacket side [W.m-2.K-1] 

hR conductivity of the stagnant film from reaction side [W.m-2.K-1] 

ΔHR  Reaction enthalpy [J.mol-1] 

k rate constant  

mR mass [kg] 

N rotation speed of the stirrer [rps] 

Pi partial pressure of i [MPa] 

qFA  mass flow rate of formic acid [g.min-1] 

qacc accumulating heat-flow rate [J.s-1] 

qdosing sensible heat-flow rate [J.s-1]  

qloss heat losses [J.s-1] 

qexchange to heat carrier  heat-flow rate exchanged between heat carrier and reaction mixture [J.s-1] 

qreactions or qrx  reactions heat-flow rate [J.s-1] 

ri reaction rate [mol.L-1.s-1] 

TR reaction temperature [K] 
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Tj jacket temperature [K]  

U overall heat transfer coefficient [W.m-2.K-1] 

V volume [L] 

wi weight percent 

  

  

  

  
 

 
 

 
 

 
  

  

  

  

  

  

  

  

 

 

 

 

Greek letters 
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α  tt /aq  

 

β proportionality factor [J.MPa-1.s-1] 

λw heat conductivity of the glass wall [W.m-1.K-1] 

λR reaction mixture thermal conductivity [W.m-1.K-1] 

iju  stoichiometric coefficient 

ρ mass density [kg.L-1] 

ω objective function  

t  residence time [s] 

aqt  residence time in aqueous phase [s] 

iju  stoichiometric coefficient 

adTD  adiabatic temperature rise 

φ thermal inertia 

Rj/1  

w

w

j

d

h l
+

1
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Subscripts and superscripts 

acc accumulation  

add addition 

aq aqueous phase 

decomp decomposition  

Ep epoxidized compounds 

feed feed 

j jacket 

org organic phase 

perh perhydrolysis 

R reaction mixture 

ROFA ring-opening by formic acid  

ROPFA ring-opening by peroxyformic acid  

ROW ring-opening by water 

temp temperature 

O Initial 

  

  

  

  

  
  

  

  

Abbreviations 
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ARC accelerating rate calorimeter  

ARSST advanced reactive system screening tool 

DSC differential scanning calorimeter 

EpOA epoxidized oleic acid 

FA formic acid 

HP hydrogen peroxide 

MTSR maximum temperature for synthesis reactions 

MTT maximum temperature for technical reasons 

OA oleic acid 

PFA peroxyformic acid 

TMRad time-to-maximum-rate under adiabatic conditions 

TD24 process temperature when TMRad is 24 hours 

TD8 process temperature when TMRad is 8 hours 

TP process temperature 

W water 
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