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EXECUTIVE SUMMARY

Objectives

The objective of this work is to have a better understanding of the phenomena that occur when a 

vessel containing reactive chemicals is exposed to an external fire and so assess possible 

preventive and mitigation measures. The following approach has been adopted:

• An experimental calorimetric system for the simulating the effects on chemicals in 

vessels under fire loading was developed;

• The validity of theoretical models for the correction of adiabatic data were tested 

experimentally;

• Dynamic simulations of large-scale vessels containing reactive chemicals exposed to a 

pool fire were carried out in order to study the effect of the presence of an insulation 

layer.

Main Findings

• A commercially available adiabatic calorimeter was adapted for simulating the effect of an 

external heat input on reactive chemicals. Four heat input designs were tested. A new 

method of using an immersion cartridge heater with a custom test cell appeared to be the 

best heat input setup, the input power from the power supply being fully used to heat the 

system.

• Good experimental results were obtained with the methanol + acetic anhydride reaction 

(vapour system) and the decomposition reaction of 20 % di-tert-butyl-peroxide in toluene 

(tempered hybrid system). It was experimentally shown that increasing the external heat 

input leads to a decrease of the reaction completion time, an increase of the maximum 

temperature and pressure, and an increase of the maximum temperature and pressure rise 

rates. This would have severe implications if it occurred in an industrial accident.

• Some problems of reproducibility were experienced with the hydrolysis of acetic anhydride 

reaction, probably due the degradation of the cartridge heater by highly corrosive liquid 

(acetic anhydride and acetic acid).

• The validity of two theoretical correction methods of adiabatic data were tested 

experimentally using the data obtained with the methanol + acetic anhydride reaction:

o Huff’s method gave conservative results, with the significant advantage of only 

requiring limited input data. However, in the case of systems showing multiple 

overlapping reactions with different activation energies, Huff’s approach would fail.

o The dynamic model taking into account the effect of external heating is likely to 

give better results, however its implementation requires a detailed knowledge of the 

kinetics of the chemical system, which is not often available.

• When the chemical system is too complex to be simulated by a dynamic model, the kinetics 

data is not available, or when it is outside the application range of Huff’s method, the 

experimental technique developed in this work would be a reliable, cost-effective and 

convenient alternative.
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• Some inconsistencies in API 521 and the UN methods for fire scenario design were noticed. 

It appeared that they could predict incorrect values in the following cases:

o Large values of the thermal conductivity of the insulation layer;

o Low values of the insulation thickness.

• Dynamic simulations of a 2 m
3
 insulated vessel with passive fire protection (PFP) 

containing a reactive mixture (methanol and acetic anhydride) showed that an insulation 

layer could be a suitable passive protection method in case of external fire. It would lead to:

o A decrease of the maximum temperature and pressure;

o A decrease of the maximum temperature and pressure rise rates;

o An increase of the reaction completion time;

o A reduction of the required vent area.

Recommendations

• Special care of the heat losses compensation calibration is required when using the 

calorimeter with a custom test cell (of smaller volume than the standard ones).

• The user of a heating system such as a cartridge heater (immersion heater) must ensure that:

o The use of the chosen heating device does not interfere with the results;

o The power input does not lead to a significant overheating of the vapour phase in 

the test cell.

• The suitability of passive fire protection seems case-dependent. A proper determination of 

the worst case would help to determine the suitability of the vessel insulation. It must be 

taken into account that:

o In the case where the runaway reaction is initiated inside the vessel without any 

external heating, an insulation layer could limit the heat exchanges to the 

surroundings and lead to a more violent reaction than expected for a non-

insulated vessel;

o The insulation effect of PFP would reduce the effectiveness of any water deluge 

of fire-fighting water.

vi



ACKNOWLEDGEMENTS

The authors wish to thank the following for their advice in support of this project:

M. Bishopp (HID CI, Health and Safety Executive), G. Arthur (Syngenta) P. Gillespie 

(AstraZeneca) and C. Ladlow (Ciba).

vii



viii



1

1 INTRODUCTION

In the chemical industry, several incidents involving the exposure of reactor or storage vessels 

to fire have been reported [HID Semi Permanent Circular SPC/Tech/Gen/34 (December, 2004)]. 

The consequences of such incidents are related to the nature of the vessels or reactor contents. 

For vessels containing non-reactive liquid chemicals, fire exposure will cause the pressure to 

increase due to vaporisation of liquid and by thermal expansion of the vapour. For a vessel 

containing a self-reactive chemical, an exothermic runaway is initiated at a much earlier point in 

the conversion of reactants to products than would be the case with a process-induced runaway. 

The temperature is raised without a corresponding consumption of reactant, and the resulting 

higher concentration produces a much higher reaction rate. This would therefore lead to 

different venting characteristics and vent requirements.

To adopt suitable protection measures against fire, a better understanding of the phenomena 

involved in the runaway reaction of chemical systems with external heat input is necessary. 

Indeed, discussion of the limits of existing knowledge is available in open literature concerning:

• The measurement of the temperature and pressure rise rates resulting from a runaway 

reaction with external heat input. Some current standard commercially available 

adiabatic calorimeters propose an external heat input simulation mode. A certain 

number of uncertainties remain concerning the amount of heat entering the test cell. In 

parallel, Huff [1982] proposed a simple method to correct adiabatic data to take into 

account the external heat input. Even if this approach is accepted in the Design Institute 

for Emergency Relief System (DIERS) users group, this method has not been 

experimentally validated as far as we know.

• The calculation of the amount of heat entering the vessel exposed to fire. Current 

practice is typically to follow the standards (e.g. API 521) developed to protect 

liquefied petroleum gas (LPG) storage vessels against hydrocarbon pool fires. Roberts

et al. [2003] showed that this might not be safe. Indeed, for chemicals undergoing 

decomposition or self-reaction (e.g. polymerisation) at elevated temperatures, there is 

insufficient knowledge of the amount of heating to which they may be safely exposed 

when held in pressure vessels. The adequacy in such circumstances of pressure relief, 

sized using current standards, is uncertain.

The main aim of this report is to obtain a better understanding of fire protection requirements 

for reactive chemical storage vessels. The following approach has been adopted:

• An experimental calorimetric system for simulating the effects on chemicals in vessels 

under fire loading was developed. Different heat input devices were tested with non-

reactive and reactive systems.

• The validity of Huff’s method for the correction of adiabatic data was tested 

experimentally. The results were compared to the ones obtained when using a dynamic 

model to take into account the effect of external heating.

• Dynamic simulations of large-scale vessels containing reactive chemicals undergoing a 

fire were carried out to observe the effect of the presence of a passive fire protection 

(PFP) insulation layer.
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2 EXPERIMENTAL STUDY OF REACTIVE SYSTEMS 
SUBJECT TO EXTERNAL HEAT INPUT

The experimental work aimed to design a new heat input system for a modified adiabatic 

calorimeter. The concept was to adapt an existing adiabatic calorimeter (Phitec II) to the 

measurement of the temperature and pressure rise rates resulting from a runaway reaction with 

external heat input. Four heat input designs were tested and compared. Experimental tests were 

also carried out with several reactive systems.

2.1 EXPERIMENTAL SETUP FOR THE SIMULATION OF EXTERNAL HEAT 

INPUT

The design of the experimental setup was intentionally kept simple and easily reproducible by 

any user of adiabatic calorimeters similar to the Phitec (e.g. VSP).

2.1.1 Description of the experimental setup

The experimental setup to simulate an external heat input is composed of the following devices:

• A Phitec II adiabatic calorimeter. The calorimeter is used without any modification of 

the original design or control software;

• A test cell containing the reactive substance;

• A simple standard independent external power supply;

• A heating element to heat the contents on the test cell.

Four different heating elements, all commercially available, were tested (Table 1 and Figure 1):

• Two heating wires designed to be in contact with the external surface of a 110 ml 

standard test cell:

o A 49 W wrapped around heater (side surface of a standard test cell);

o A 50 W bottom heater (bottom surface of a standard test cell).

• Two cartridge heater aimed to be placed in a specially designed 82 ml test cell in order 

to heat directly the contents liquid:

o A 30 W 1/4" cartridge heater;

o A 30 W 1/8" cartridge heater.

The cartridge heaters were specifically designed, as far as technically possible, to have a 

minimum heating length located at the bottom end of the cartridge (Figure 2). The use of such 

cartridge heaters with the Phitec calorimeter required the design of custom test cells (Figure 1)

equipped with a Swagelok male tube fitting on the top side to allow the insertion and the 

connection of the cartridge. The particular out centred position of the cartridge allows the heater 

to act as a baffle (improve agitation, prevent the formation of vortex). These tests cells (82 ml) 

are smaller than standard ones (110 ml) because of the limited space in the Phitec containment 

vessel. A schematic of the custom test cells is given in Table 2 and in Appendix 1. The tested 

heat input designs are (Figure 3):

• Setup A: 110 ml standard closed test cell + 49 W wrapped around heater

• Setup B: 110 ml standard closed test cell + 50 W bottom heater

• Setup C: 82 ml custom closed test cell + 30 W 1/4" cartridge heater

• Setup D: 82 ml custom closed test cell + 30 W 1/8" cartridge heater

The setup A and B required the use of insulation tapes between the heaters and the Phitec guard 

heaters. This was made to avoid any interference between the heating wire and the 

thermocouple of the guard heater (see Figure 3).
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Table 1 Characteristics of the heating devices

Cartridge heaterWrapped around

heater
Bottom heater

1/4" 1/8"

Voltage (V) 0-24 0-24 0-24 0-24

Resistance (�) 12.5 11.2 19.8 17.95

Maximum Power (W) 49 50 30 30

Length (mm) 686 654 63.5 63.5

Diameter (mm) 1.57 1.57 6.35 3.17

Mass (g) (without

wires and fittings)

11.615 10.812 6.125 3.45

Table 2 Characteristics of the test cells

Type of tests cell
Volume 

(ml)
Thermocouple

Fill line 

diameter (in.)

Heater 

connexion

Mass 

(g)

Standard 110 1 type K 1/16 N/A 38.2 

Custom for 1/4" 

cartridge heater

82 1 type K 1/16 1/4" Swagelok 

fitting

42.3

Custom for 1/8" 

cartridge heater

82 1 type K 1/16 1/8" Swagelok 

fitting

40.0

1/8" diameter 1/4" diameter

2 ? "

(6.35 cm)

24 VOLTS ; 30 WATTS

1/2" (1.27 cm) heated area

1 3/4" (4.445 cm) 

cold area

1/4" (0.635 cm) cold area

Figure 2 Design of the cartridge heaters
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2.1.2 Heat loss compensation with the Phitec calorimeter

For each setup, a calibration of the Phitec calorimeter was made using test cells filled with 

Dimethyl Phtalate, to compensate for the heat losses. This consists of the calculation of the 

temperature difference between the liquid in the test cell and the Phitec guard heater (Figure 3)

to compensate for the natural heat losses (maintain adiabaticity). The calibration aims to 

determine the parameters of an algorithm in the Phitec driving software that calculates the 

temperature difference to be applied as a function of the temperature of the liquid. This was 

easily achieved for the experimental setups involving standard test cells (setup A and B). 

However, the experimental setups involving the 82 ml custom test cell led to more important 

heat losses compared to standard test cells. The calculation of the parameters in these cases was 

not straightforward with the Phitec control software. A time-consuming investigation was 

necessary to obtain the correct parameters. This was one of the most significant technical 

problems of the experimental investigation.

2.1.3 Characterisation and comparison of the heat input devices

Each setup was used to heat a test cell filled at 70 % with water. The obtained water temperature 

rise rate (dT/dt) is a function of:

• the nominal power (Qnom) delivered by the power supply;

• the power lost to the surroundings (Qlost);

• the power absorbed by the test cell, the heater itself and the fittings. This is expressed as 

the thermal inertia (‘�’ or phi factor);

• the mass (m) and the heat capacity of the liquid (Cp).

Table 3 Experimental conditions of the characterisation tests with water

Setup A Setup B Setup C Setup D

Type Wrapped

around heater

Bottom 

heater

1/4" cartridge

heater

1/8" cartridge

heater

Mass (kg) 0.011615 0.010812 0.006125 0.00345Heater

Cp (J.kg
-1

.K
-1

) 472 472 500 500

Type Standard

(110 ml)

Standard

(110 ml)

Custom

(82 ml)

Custom

(82 ml)

Mass (kg) 0.0382 0.0382 0.0423 0.04Test cell

Cp (J.kg
-1

.K
-1

) 472 472 472 472

Mass (kg) N/A N/A 0.01066 0.00703Swagelok 

plugs Cp (J.kg
-1

.K
-1

) N/A N/A 472 472

Mass (kg) 0.077 0.077 0.057 0.057
Water

Cp (J.kg
-1

.K
-1

) 4187 4187 4187 4187

Phi factor 1.073 1.072 1.12 1.1

 Cp calculated at 30 ºC
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Indeed the governing heat balance is:

( ) lostnomliquid QQ
dt

dT
mCp �=� Equation 1

With 

2RIQnom = Equation 2

( ) ( ) ( ) ( )
( )

liquid

fittingsheatercelltestliquid

mCp

mCpmCpmCpmCp +++
=� Equation 3

The efficiency of the heating device (�) can be defined as the ratio of the power used to heat the 

liquid to the nominal power delivered by the power supply. This is given by:

( )

nom

liquid

nom

lostnom

Q

dt

dT
mCp

Q

QQ
�

� =
�

= Equation 4

All the graphs corresponding to the experiments are shown in Appendix 2. Figure 4 shows the 

measured temperature rise rate as a function of the nominal power delivered by the power 

supply. For the same nominal power, a higher temperature rise rate is obtained with the 

cartridge heaters.

Figure 5 shows the vapour pressure curves obtained with the different setups when a nominal 

power input of approximately 8 W is applied. To allow the comparison with water steam table 

data, the absolute pressure measured in the test cell was corrected to take into account the 

presence of pad gas. The vapour pressure curves obtained with the four setups show a 

reasonable agreement with the water steam table data. When more powerful cartridge heaters or 

heaters with a longer heating part are used, overheating of the vapour phase by the upper part of 

the cartridge heater can occur. The measured pressure is therefore not only related to a 

thermodynamic equilibrium liquid/vapour, but also by the resulting thermal expansion of the 

vapour phase.

The efficiency of the different setups, calculated with Equation 4, is shown in Figure 6:

• The wrapped around and the bottom heaters have an efficiency of 70 % and 80 % 

respectively. For these systems, a significant amount of heat (20 % to 30 % in this case) 

is lost to the surroundings. The heating wires represent the easiest way to simulate an 

external heat input, but large uncertainties remain regarding the exact amount of heat 

entering the test cell because of the heat losses to the surroundings. Indeed, the 

efficiency of such systems depends strongly on the quality of the insulation layer placed 

between the heaters and the Phitec guard heater (Figure 3). The type, the thickness, the 

age, the placement (which is operator-dependent) of the insulation layer can have an 

influence on the thermal properties and therefore the efficiency of the heating system. 

An experimental investigation of the efficiency of the entire setup is necessary 

beforehand.
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• The 1/8" and 1/4" cartridge heaters are the more efficient heating devices. 100 % of the 

nominal power is used to heat the system (the heat losses therefore being negligible). 

This was as planned in this HSL design because the heater is immersed in the liquid. 

The cartridge heaters appeared to be the best setup to input external heat in a test cell, 

even if at high temperature possible heating of the vapour phase occurs, depending on 

the heating power.

Table 4 highlights the most important differences between the tested setups.

ComparisonHeaters.xls

0%

20%

40%

60%

80%

100%

0 10 20 30 40 50

Nominal Power (W)

E
ff
ic

ie
n
c
y

Setup A
(wrapped around
heater)

Setup B (bottom
heater)

Setup C (1/4"
cartridge heater)

Setup D (1/8"
cartridge heater)

Figure 6 Efficiency of the different heating devices

2.2 TESTS WITH REACTIVE SYSTEMS

Calorimetric tests in both adiabatic and external heat input mode were undertaken on different 

chemical systems:

• Two vapour pressure systems: methanol + acetic anhydride reaction and hydrolysis of 

acetic anhydride.

• One tempered hybrid system: the decomposition of 20 % di-tert-butyl peroxide (DTBP) 

in toluene.

These systems were chosen because they are well known. They are often used as model systems 

for which reliable kinetic and physical properties are available in the literature.

2.2.1 Methanol + Acetic Anhydride

The reaction between methanol and acetic anhydride gives methyl acetate and acetic acid. This 

reaction is known as an autocatalytic [Balland et al, 2002]. Seven tests were performed with 

setup A (wrap around heater) and setup D (1/8" cartridge heater) (Table 5). MAA_1 and 

MAA_4 are the adiabatic tests realised respectively with the setup A and D. The tests MAA_5 

and MAA_6 were realised in the same condition at six month intervals, to check the 

reproducibility of the results.
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Figure 7, Figure 8 and Figure 9 show the experimental results obtained. It clearly appears that 

increasing the external heat input leads to a decrease of the reaction completion time, an 

increase of the maximum temperature and pressure, and an increase of the maximum 

temperature and pressure rise rates. Figure 8 particularly shows that a good reproducibility was 

obtained with setup D (cartridge heater). Indeed, all the curves corresponding to the tests 

MAA_5 and MAA_6 are very well superposed.

Figure 10 plots the temperature rise rates from the setup A and D corrected by the phi factor. 

Good agreement between the two heating systems was obtained. It is also to be noted that 

similar results were obtained in adiabatic mode for the two setups (MAA_1 and MAA_4).

Table 5 Test with methanol and acetic anhydride; experimental conditions

Wrapped around heater (Setup A) Cartridge heater (Setup D)

MAA_1 MAA_2 MAA_3 MAA_4 MAA_5 MAA_6 MAA_7

External heat 

input

No Yes Yes No Yes Yes Yes

Nominal 

Power (W)

0 2.03 8.16 0 1.38 1.38 5.78

Power input 

(W)

0 1.42 5.71 0 1.38 1.38 5.78

Specific heat 

input (W/kg)

0 17.87 71.35 0 23.16 23.16 93.65

Mass 

methanol (g)

30.85 30.85 30.85 23.02 23.02 23.02 23.02

Mass acetic 

anhydride (g)

49.15 49.15 49.15 36.56 36.56 36.56 36.56

Total mass 

(g)

80.00 80.00 80.00 59.58 59.58 59.58 59.58

Methanol/

Acetic 

Anhydride 

molar ratio

2:1 2:1 2:1 2:1 2:1 2:1 2:1

Fill level 76 % 76 % 76 % 76 % 76 % 76 % 76 %

Phi factor 1.12 1.12 1.12 1.165 1.165 1.165 1.165

Initial 

temperature 

(°C)

24 24 24 24 24 24 24
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Tests with wrapped around heater (MAA_1, MAA_2, MAA_3)

MAA_Comp_Wrapped.xls
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Figure 9 Runaway of methanol + acetic anhydride system

Influence of the specific heat input
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Figure 10 Runaway of methanol + acetic anhydride system with setup A and D, 
comparison of dT/dt corrected by the phi factor
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2.2.2 Hydrolysis of acetic anhydride

The reaction of acetic anhydride with water produces acetic acid. This reaction was tested only 

with the setup D (1/8" cartridge heater). The following difficulties were experienced:

• Some problems of reproducibility were observed when running several adiabatic tests.

• The cartridge heater was degraded by corrosion (see picture below), certainly because 

of the presence of a highly corrosive liquid (anhydride acetic and acetic acid).

• The formation of an unusual pink liquid product (acetic acid should be colourless), 

which may be due to the formation of metal complex, was observed. This could explain 

the problem of poor reproducibility.

This experiment showed the necessity to have a cartridge heater that does not influence the 

reproducibility of the results. In this case, this could have been achieved by using a different 

type of metal for the construction of the cartridge heater (perhaps hastelloy instead of stainless 

steel). Such reproducibility problems could occur when the metal of the test cell or the cartridge 

heater acts as a catalyst. One such example is the decomposition reaction of hydrogen peroxide 

in stainless steel test cells. In that particular case, a passivation of the test cell and the cartridge 

heater could solve the problem.

Photograph of the test cell and the heating systems

2.2.3 20 % DTBP in toluene

The decomposition of 20 % di-tert-butyl peroxide (DTBP) in toluene was investigated. This 

reaction is a tempered hybrid system. The pressure increase is due to the vaporisation of the 

contents and the production of non-condensable gas from the decomposition of the peroxide. 

Four experiments were performed with setup D (1/8" cartridge heater, Table 6). DTBP_1 is the 

adiabatic tests. Tests DTBP_2, DTBP_3 and DTBP_4 were realised with an external heat input 

of 8.26 and 22.9 W/kg. Tests DTBP_3 and DTBP_4 were realised in the same condition to 

check the reproducibility of the results. The specific heat inputs tested were quite low for safety 

reasons. Indeed, this reaction is quite violent and produces a large amount of gas. A specific 

heat input higher than 22.9 W/kg was tested but this led to the failure of the test cell.

Figure 11 shows the results obtained. Like the methanol + acetic anhydride system, the results 

showed that increasing the external heat input leads to a decrease of the reaction completion 

time, an increase of the maximum temperature and pressure, and an increase of the maximum 

temperature and pressure rise rates. Good reproducibility was obtained for this system (similar 

results obtained with DTBP_3 and DTBP_4). It is to be noted that very high pressures were 

obtained (up to 57 bara). In general good results were obtained with this system.

Corroded cartridge
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Table 6 Decomposition of DTBP in toluene; experimental conditions

DTBP_1 DTBP_2 DTBP_3 DTBP_4

Mass DTBP (g) 8.55 8.55 8.55 8.55

Mass toluene (g) 33.35 33.35 33.35 33.35

Total mass (g) 41.9 41.9 41.9 41.9

Fill level 60 % 60 % 60 % 60 %

Initial temperature (ºC) 115 115 115 115

phi 1.34 1.34 1.34 1.34

Nominal Power (Watts) 0 0.346 0.959 0.959

Heat input (W) 0 0.346 0.959 0.959

Specific heat input (W/kg) 0 8.26 22.9 22.9

2.3 MAIN OUTPUTS OF THE EXPERIMENTAL INVESTIGATIONS

The following findings were obtained from the experimental investigation:

• A Phitec calorimeter was successfully adapted to simulate the effect of external heat input 

on reactive chemicals.

• Four heat input designs were tested and compared:

o Setup A (110 ml standard closed test cell + 49 W wrapped around heater) and Setup 

B (110 ml standard closed test cell + 50 W bottom heater):

� They represent the simplest way to simulate an external heat input (use of 

standard test cells with standard values of phi factor).

� Low extra heating of the vapour phase was observed.

� The nominal power delivered by the power supply is partly used to heat the 

system (70 % to 80 %), a significant amount of heat being lost to the 

surroundings.

o Setup C (82 ml custom closed test cell + 30 W 1/4" cartridge heater) and Setup D 

(82 ml custom closed test cell + 30 W 1/8" cartridge heater):

� The design of the custom test cells and the calibration for the heat loss 

compensation may be time-consuming.

� The phi factor is slightly higher than the phi factor of a standard test cell 

(approximately 5 % higher).

� Overheating of the vapour phase can occur for high values of the heating 

power.

� The nominal power is fully used to heat the system.

� They appeared to be the best setup to input external heat in a test cell, the 

exact amount of heat input being known.

• Good results were obtained with the methanol + acetic anhydride reaction (vapour system) 

and the decomposition reaction of 20 % DTBP in toluene (tempered hybrid system) with 

setups A and D.

• It was experimentally shown that increasing the external heat input leads to a decrease of 

the reaction completion time, an increase of the maximum temperature and pressure, and an 

increase of the maximum temperature and pressure rise rates.

• The hydrolysis of acetic anhydride reaction was tested with the setup D (1/8" cartridge 

heater). Some reproducibility problems were experienced, probably due the degradation of 

the cartridge heater by highly corrosive liquid (anhydride acetic and acetic acid).
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3 ASSESSMENT OF ADIABATIC DATA CORRECTION 
METHODS

The experimental investigation described earlier allowed the development of an experimental 

setup to measure the temperature and pressure rise rates resulting from a runaway reaction with 

external heat input. The data obtained with methanol and acetic anhydride were used to evaluate 

the accuracy of two theoretical methods for the correction of adiabatic data to take into account 

the external heat input: Huff’s method and a dynamic simulation approach.

3.1 DESCRIPTION OF THE CORRECTION METHODS

3.1.1 Huff’s method

Huff [1982] proposed a simple method to correct adiabatic data. However, it has not been 

experimentally validated as far as we know. Huff’s method is an iterative method that requires 

the adiabatic data and the value of the activation energy of the reaction to be implemented. It 

has the advantage that detailed kinetics are not required. It assumes that the reaction conversion 

is well defined by the fractional temperature rise for a given initial composition, independent of 

the temperature level. When a runaway reaction occurs with external heat input, the total 

temperature rise rate is due to both the external heat input and the reaction itself:

liquid

ext

reactionfirereactiontotal Cp

q

dt

dT

dt

dT

dt

dT

dt

dT
+�

�

�
�
�

�
=�

�

�
�
�

�
+�

�

�
�
�

�
=�

�

�
�
�

�
Equation 5

In this case, less reactant conversion is needed to reach a given temperature, the liquid being 

heated by the external heat input. The reaction rate at any temperature is therefore higher than 

that measured at the same temperature under adiabatic conditions. Huff’s idea is to calculate, 

from adiabatic data, adjusted values of temperatures and temperature rise rates corresponding to 

the same reaction conversion:

firereactionadj dt

dT

dt

dT

dt

dT
�
�

�
�
�

�
+�

�

�
�
�

�
=�

�

�
�
�

�
/

Equation 6

Where 

( )
adj

dtdT : adjusted temperature rise rate

( )/
reaction

dtdT : temperature rise rate due the reaction alone

( )
fire

dtdT : temperature rise rate due to the external heating

The temperature rise rate of the reaction alone at higher temperature for the same conversion 

rate is calculated from adiabatic data by:

�
�
�
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�
�
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exp
TTR

Ea

dt

dT

dt

dT

reaction

Equation 7

The calculation of the adjusted values of the temperatures (T’), temperature rise rates 

( ( )/
reaction

dtdT ) in case of external heating requires an iterative calculation. This can be achieved 

by implementing macros on a spreadsheet. Figure 12 shows the implementation chart of Huff’s 

method. Hare et al [2007] used Huff’s methods to correct adiabatic data for two chemical 

reactions: decomposition of a peroxyester in isododecane and hydrolysis of acetic anhydride.
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Assume a temperature increment to reach the 

same reaction conversion

Calculate (dT/dt)reaction at the new temperature

Calculate

(dT/dt)total = (dT/dt)reaction + (dT/dt)ext

Tpredicted / Tincrement

< 1%

Range of adiabatic data:

Temperature, dT/dt, time

Yes

(dT/dt)adiabatic

(dT/dt)ext

Calculate predicted: time,temperature

Store

corrected data

No

Figure 12 Implementation chart of Huff’s method

3.1.2 Dynamic simulation approach

An alternative calculation method of the temperature and pressure rise rates resulting from a 

runaway reaction with external heat input consists of realising a dynamic simulation of the 

runaway. This requires the integration a set of differential equations describing the system. The 

thermal balance corresponding to a closed vessel containing a reactive mixture and exposed to 

an external heat input is given by:

extRp qq
dt

dT
C +=� Equation 8

qext is the specific external heat input in (W.kg
-1

). The reaction energy release rate (qR) is linked 

to the conversion rate (dX/dt) by the following expressions:

dt

dX
H rR �= Equation 9

The heat of reaction (�Hr) can be measured from isothermal or adiabatic experiments. The 

reaction conversion rate is given by the following kinetic equation:

( ) ( )rna XBX
RT

E
C

dt

dX
+��

�

�
�
�

� �
= 1exp Equation 10

The determination of the kinetic parameters can be difficult. This requires special experimental 

investigations such as a series of isothermal tests. When the system investigated is a pure 

vapour system, the vessel pressure can be calculated using Antoine’s equation:

T

K
KP 2

110

1000
log �= Equation 11
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Figure 13 Simulation tool developed under Visual Basic

An in-house simulation tool was developed under Visual Basic to numerically integrate the 

above differential equations using Euler’s method (Figure 13).

3.2 VALIDATION TESTS OF THE CORRECTION METHODS

The validity of the above correction methods were assessed using the experimental data 

obtained with the methanol + acetic anhydride system. The data obtained with using the setup D 

(1/8" cartridge heater, 2.2.1) were chosen because the exact amount of the specific heat input is 

known: MAA_4 (qext = 0 W.kg
-1

 (adiabatic test)), MAA_5 (qext = 23.16 W.kg
-1

) and MAA_7 

(qext = 93.16 W.kg
-1

).

Table 7 summarises the physical and chemical properties of the investigated system. The

experimental curves used to determine the activation energy and the vapour pressure curve of 

the chemical mixture are shown in Appendix 4. Average values of the density (946 kg.m
-3

) and 

heat capacity (2500 J.kg
-1

.K
-1

; see the Cp of the pure components in Appendix 4) were chosen 

for the calculations. These values are in accordance with those proposed in the literature 

(Rogers, 1986). These parameters are assumed to be constant.

To implement Huff’s method, only two parameters are necessary: the heat capacity of the 

solution and the reaction activation energy. Huff’s correction was directly applied to 

experimental adiabatic data, without any correction for the phi factor. The effect of the phi 

factor is experimentally taken into account. Subsequent corrections for the phi factor would be 

necessary when using such data to scale up to larger vessels. Figure 14 shows that excellent 

predictions of the temperature and pressure profiles are obtained. Reasonable agreement 

between theoretical Huff’s method and the experimental data (MAA_5 and MAA_7) is obtained 

in terms of temperature rise rate. This theoretical correction gives conservative results. Indeed, 

the predicted temperature rise rates and the maximum temperature are higher than the 

experimental data.

The implementation of the dynamic simulation approach was more time-consuming. It also 

required more experimental data (Table 7). A determination of the reaction kinetics was 

necessary. The methanol and acetic anhydride system is known as an autocatalytic system 

[Balland et al, 2002; Widel et al, 2006]. The chosen kinetic coefficients for Equation 10 are 

presented in Table 7. Figure 15 shows that these coefficients provided an acceptable fit of the 

adiabatic data. An experimental investigation using isothermal tests would allow a more 

accurate determination of these coefficients and then lead to a better fit of the experimental 

adiabatic data.
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Table 7 Chemical and physical properties and kinetics parameters of the system 

methanol + acetic anhydride in setup D

Methanol/Acetic Anhydride molar ratio 2:1

Density solution (kg.m
-3

) 946

Specific Heat (J.kg
-1

.K
-1

) 2500

Heat of reaction (J.kg
-1

) 416000

K1 (bara) 5.2252

K2 (bara.K) 1.812

Fill level (-) 76 %

Phi factor (-) 1.165

C (s
-1

) 1.13 x 10
8

Ea (J.mole
-1

) 73150

n (-) 1.23

q (-) 0.12

B (-) 0

Figure 16 shows the comparison between the dynamic simulation and the experimental data. 

With the chosen kinetic parameters, the predicted temperature and pressure are quite close to the 

experimental data. A slight difference between the model and test MAA_5 is to be noted in 

terms of reaction completion time. This difference does not appear with Huff’s method. A better 

determination of the kinetics parameters could lead to a better prediction. The temperature rise 

rates predicted with the dynamic model are closer to the experimental data than those predicted 

by Huff’s method. The predicted values of the maximum temperature and the maximum 

temperature rise rate are also better with the dynamic approach.

This investigation also shows that the heat input setups developed in this work can be used to 

check the consistence of a kinetic model. For methanol and acetic anhydride reactive systems, 

some literature sources indicate that a first order equation could fit the adiabatic data (Rogers, 

1986). A reasonable fit of the adiabatic data can indeed be obtained with such a kinetic 

expression. During this investigation it has been seen that the use of a first order model is not 

suitable to simulate the reaction when external heat input occurs.

MAA_KineticSimulation_Autocatalytic.xls

0.0001

0.001

0.01

0.1

1

10

20 40 60 80 100 120 140 160 180

Temperature (ºC)

d
T/d

t 
(ºC

/s
)

Autocatalytic model (Adiabatic)

MAA_4 (Adiabatic)

Figure 15 Adiabatic runaway reaction of methanol and acetic anhydride; comparison 

between experiment and autocatalytic model
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3.3 COMPARISON AND LIMITS OF THE CORRECTION METHODS

The two investigated correction methods gave comparable results. They were both shown to be 

in reasonable agreement with the experimental data. Table 8 presents a practical comparison of 

the Huff’s method and the dynamic simulation approach.

The main advantage of Huff’s method is to provide conservative results with few input data. 

Indeed, this method requires only the adiabatic reaction data, the liquid heat capacity and the 

activation energy to be implemented. These data are commonly measured experimentally. No 

information on the reaction kinetics is required. Huff’s method can give good results with 

systems for which the reaction conversion is well defined by the fractional temperature rise for a 

given initial composition, independent of the temperature level [Huff, 1982]. This would be the 

case in single reaction systems. However in the case of systems showing multiple overlapping 

reactions with different activation energies, Huff’s approach would fail. A poor prediction of the 

temperature history in the region of overlap could be obtained. Deficiencies in the assessment of 

the liquid heat capacity would also be at the origin of the failure of Huff’s method. The heat 

capacity of a chemical mixture can be a function of the conversion, the composition of the 

chemical mixture changing with time.

The dynamic simulation is likely to give better results. But its implementation requires a good 

knowledge of the chemical system (thermodynamics, kinetics, physical and chemical 

properties), which is not often available. This more powerful approach can be used to simulate 

the dynamic behaviour of vessels exposed to fire, providing the representatives governing 

kinetic equations are determined. The complexity of this approach can make it time-consuming. 

When the chemical system is to complex to be simulated by a model using the dynamic 

simulation approach or when it is outside the application range of Huff’s method, the 

experimental measurement of the temperature and pressure rise rate using one the heat input 

setup developed in this work would be an easy, cheap and convenient alternative.

Table 8 Comparison between Huff’s method and the dynamic simulation approach

Huff’s method Dynamic simulation approach

Experimental required 

investigation

• Adiabatic test • Adiabatic test

• Isothermal tests

Data needed • Activation Energy

• Vapour pressure curve

• Activation Energy

• Full kinetic equation

• Heat of reaction

• Phi factor

• Cp liquid

Calculation method • Simple iterative 

method

• Excel can be used

• ODE Integration method

• Excel can be used

Comments • Simple (providing the 

method is carefully 

followed)

• Conservative results 

(for vent sizing)

• Good results

• Time consuming investigation ODE 

Integration method

• Can be used to simulate dynamic 

behaviour of vessels undergoing 

runaway reactions

• More powerful

• Data required not often available
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4 SIMULATION OF INSULATED VESSEL EXPOSED TO
FIRE

Dynamic simulations of a large-scale vessel containing reactive chemicals exposed to a pool fire 

were carried out in order to observe the effect of the presence of an insulation layer on the 

temperature and pressure in the vessel. This investigation required:

• The calculation of the amount of heat entering an insulated vessel exposed to fire. The 

current methods are presented and described.

• The use of the kinetic model developed in the last chapter for the chemical system 

methanol/acetic anhydride.

• The development of a dynamic simulation tool using Visual Basic.

4.1 HEAT INPUT CALCULATION METHODS

The calculation of the amount of external heat entering a vessel exposed to fire is necessary to 

correctly design an adequate fire protection system. The heat transfer phenomena occurring 

when a vessel is exposed to a pool fire are complex (Figure 17):

• The external surface of the vessel is heated by radiation and convection. The heat is 

absorbed however, mostly due to radiation phenomena. The resulting intensity of the 

heating would depend on the flame temperature, the vessel area that is exposed to the 

flames, the properties of the vessel’s surroundings and the atmospheric conditions.

• The heat will be transferred by conduction through the insulation layers and the vessel’s 

wall. This phenomenon will depend on the thermal conductivity of the construction 

material.

• The heat input can be limited by the convection phenomena in the vessel, depending on 

the physical properties of the vessel contents.

rint riri-1
rext (r)

Radius

Layer

1

N = number of layers

r1

layer

N

kl kN

Insulation layers

Convection
Radiation

And

Convection

Conduction

External 

fire

Text

Vessel

wall

kwallTliquide External

fire

.

Figure 17 Overview of the heat transfer phenomena occurring when an insulated

vessel is exposed to an external fire
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The rigorous calculation method of the corresponding heat input in the case of a pool fire can be 

made using heat transfer models [Roberts, 2003]. Such models require a good knowledge of the 

fire properties, thermal properties of the vessel and its contents. Simpler calculation methods are 

available in the literature. Three of them are investigated:

• Method from API 521 international standard [Hare et al, 2007; Roberts et al, 2001];

• Method from the UN Recommendation on the Transport of Dangerous Goods, Manual 

of Test and Criteria [ST/SG/AC.10/11/Rev. 4];

• Method based on a rough evaluation of the vessel overall heat transfer coefficient.

4.1.1 Method from API 521

The American Petroleum Institute proposed a calculation method in the API 521 standard. This 

method is based on experimental data obtained from different companies with large-scale 

vessels (between 0.14 m
3
 to 800 m

3
) exposed to different types of open fires (pool fires). The 

use of this method is recommended in the British standard BS EN ISO 23251:2007.

The important factor in the calculation is the area exposed to the fire, the heat being mostly 

absorbed due to radiation phenomena. This exposed area depends on the geometry of the vessel. 

For instance, for storage vessels up to 7.6 m height the method recommends considering the 

wetted surface. Different rules are applied for higher vessels, spheres, spheroids, vessels having 

their base in contact with the ground, vessel partly protected with skirts, etc.

If there are prompt fire fighting efforts and drainage of flammable material away from the 

vessel, the following equation is used the total heat absorption (Q in watts) to the wetted surface 

(Aws in m
2
):

0.82

ws_ 43000 AFQ APIDrainageAPI = Equation 12

The power 0.82 applied to the wetted surface tries to take into account the fact that large vessels 

are less likely to be exposed to the flame of an open fire.

If no adequate drainage and fire fighting equipment do not exist, the following equation is 

proposed:

0.82

ws_ 70900 AFQ APINoDrainageAPI = Equation 13

Equation 13 and Equation 14 require an environment factor (F) that takes into account the 

presence of an insulation layer. It is assumed that the outside temperature of the insulation layer 

has reached an equilibrium temperature of 904 ºC. With this temperature and the temperature of 

the vessel’s contents (T in ºC), the thickness (�ins) and the thermal conductivity (k) of the 

insulation layer, the environment factor is given by:

( )
ins66570

904

�

Tk
FAPI

�
= Equation 14

The thermal conductivity of the insulation layer can increase with the temperature and has to be 

calculated at an average value of the temperature. For a bare vessel, the environment factor is 1.
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4.1.2 Method from the UN recommendation on the transport of dangerous 
goods

The UN recommendation on the transport of dangerous goods proposes a method in the 

Appendix 5 of the Manual of tests and criteria. For an insulated vessel, the methods require that 

the total heat input (QUN) is equivalent to the heat input into the vessel through the insulation 

(Qd) plus the heat input directly to the vessel assuming 1 % of the insulation is missing (Qi):

diUN QQQ += Equation 15

With

( ) 0.82

ws170961 AFFQ rUNi ����= Equation 16

0.82

ws70961 AFFQ rUNd ���= Equation 17

Fr is the fraction of the tank that is directly heated (Fr = 1 if non insulated, Fr = 0.01 if 

insulated).

This method also includes a factor to take into account the presence of an insulation layer, 

called here the insulation factor (FUN):

( )
ins47032

923
2

�

Tk
FUN

�
�= Equation 18

For a bare vessel FUN equals to 1. In Equation 18, a multiplication factor of 2 is introduced to 

take into account a 50 % loss in insulation efficiency in the incident. No explanation is provided 

concerning the meaning of the coefficient 923. The temperature of the vessel contents (T) is 

expressed in Kelvin.

4.1.3 Simplified heat transfer method

An additional method could assume that the heat transfer resistance of the vessel wall is 

negligible compared to the insulation layers. The heat input (Q) could be roughly evaluated 

with the following equation:

( )TTUAQ ws �= ext Equation 19

For a vessel with several insulation layers, the overall heat transfer coefficient is given by 

(Figure 17):

1

1

int

ln

�

�

�
�
�
�

�

�

�
�
�
�

�

�
	


�

�


�

= �
i i

i

i

k

r
r

rU Equation 20

The calculation of the heat input requires the values of the thermal conductivity of each 

insulation layer (ki), the internal diameter of the vessel (rint), and the temperature of the outside 

surface of the insulation layer directly in contact with the fire (Text).
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4.2 DYNAMIC SIMULATION OF A 2 M3 VESSEL SUBJECT TO FIRE

The case of a 2 m
3
 large-scale vessel containing reactive chemicals exposed to a pool fire was 

investigated (Figure 18). The effect of the heat input on the pressure and temperature rate were 

observed in the following cases:

• Bare vessel (no insulation layer);

• Vessel insulated with a single layer of lightweight cementitious;

• Vessel insulated with a single layer of calcium silicate (type II).

Features:

• Aspect ratio: D/H=0.75

• 80% fill level

• Aws = 6.368 m?

2 m3

cylindrical 

vessel

H

D

Figure 18 Characteristics of the 2 m3 cylindrical vessel
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Figure 19 Thermal conductivities of lightweight cementitious and calcium silicate

These types of insulation were chosen because data on thermal conductivity were proposed in 

API 521. Figure 19 shows that the thermal conductivity of the lightweight cementitious is 

significantly higher than the calcium silicate. The following assumptions are made:

• The vessel fill level is 80 %;

• The vessel wetted surface (6.368 m
2
) exposed to the fire includes the bottom surface 

(this could be the case of vessel located above the ground, on legs for instance).

4.2.1 Calculation of the specific heat input

The specific heat input was calculated using the methods described above. The temperature of 

the vessel contents is assumed to be 50 ºC. As indicated in 4.1.1, the API 521 method assumes 
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that the temperature of the external surface of the insulation layer is 904 ºC. This assumption is 

used with the simplified heat transfer method. The UN method was used with the assumption 

that 100 % of the wetted surface is exposed to the flame (instead of 99 % as recommended
2
).

Figure 20 shows that:

• An increase of the insulation thickness would lead to a decrease of the specific heat 

input, which was foreseeable;

• The values of the specific heat inputs are more important for the lightweight 

cementitious than the calcium silicate;

• The UN method gives some values of the specific heat input two or three times higher 

than the other methods. This is probably partly due to the factor of 2 introduced in the 

calculation of the insulation factor (FUN) to take into account a 50 % loss in insulation 

efficiency in the incident;

• The value of the specific heat input calculated with API 521 in cases where no drainage 

and fire fighting measures exist remains less important than the ones calculated with the 

UN method;

• The results obtained with API 521 in cases where adequate drainage and fire fighting 

measures exist are similar the ones obtained with the simplified heat transfer method.

The API 521 and UN Manual of test and criteria propose simple calculation methods to assess 

the external heat input in the case of a pool fire. Some inconsistencies in the use of these 

formulae have however been noticed. Figure 22 plots the specific heat input as a function of the 

thermal conductivity of the insulation layer in the case of 15 mm and 50 mm layers. It appears 

that these methods can predict values of specific heat input for insulated vessel higher than for 

bare vessel in the following cases:

• Large values of the thermal conductivity;

• Low values of the insulation thickness.

This is due to the fact that in these specific circumstances, the ratio of the thermal conductivity 

to the insulation thickness leads to environment factor, or insulation factor, larger than unity. 

Such results do not make sense. This means that such empirical formula must be used only 

within certain ranges. The determination of the range of applicability of these formulas and their 

improvement are worth investigating subsequently and disseminating.

4.2.2 Dynamic simulation

A simulation tool was developed under Visual Basic to calculate the temperature and pressure 

increase in a 2 m
3
 vessel, filled at 80 % with a methanol + acetic anhydride mixture and exposed 

to a pool fire (Figure 21). The kinetic model described in 3.1.2 and 3.2 is used. The API 521 

method was used to calculate the specific heat input (the outside temperature of the insulation 

layer is assumed to be 904 ºC). The simulations were carried out in both cases where there are

and there are not adequate drainage and fire fighting measures. The effects of the presence of 

different thicknesses (1, 2.5 and 5 cm) of lightweight cementitious or calcium silicate insulation 

were observed. The case of the bare vessel is also investigated. The vessels are assumed to stand 

any pressure increase (no simulation of the vessel venting). Figure 23 shows that a decrease of 

the specific heat input could significantly be achieved by increasing the insulation thickness, or 

taking the suitable adequate drainage and fire fighting measures. The lower the value of the 

thermal conductivity, the lower the specific heat input. The calcium silicate is in this case a 

better way to reduce the external heat input than the lightweight cementitious. Decreasing the 

external heat input by using insulation has a significant effect on (Figure 24):

HeatInputCalc.xls

2
 This does not affect significantly the results.
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Figure 20 Specific heat input into a 2 m3 vessel filled at 80 %

Figure 21 Simulation of a 2 m3 vessel exposed to fire: dynamic simulation tool

• The temperature and the pressure: the maximum temperature reached (Tmax) and the 

maximum temperature rise rate (dT/dt)max are decreased. The pressure being 

temperature-dependent, the corresponding maximum pressure reached (Pmax) and the 

pressure rise rate ((dP/dt)max) are decreased. 

• The reaction completion time is significantly decreased.

Figure 25 shows the relative changes in Pmax, Tmax, (dT/dt)max and reaction completion time
3

when there is an insulation layer, compared to a bare vessel. The variations are calculated as 

followed:

( )
( )

1 variable theofVariation 
 vesselbare

insulationwith �=
Variable

Variable
Equation 21

3
 The variation of the reaction completion time being larger than the other variables, the actual value was divided by 

10 to allow representation on the same graph.
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Figure 24 2 m3 vessel filled at 80 % with a methanol + acetic anhydride acetic mixture 

and exposed to a pool fire: effect of the insulation layer
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Figure 25 2 m3 vessel filled at 80 % with a methanol + acetic anhydride mixture with 

adequate drainage and fire fighting measures: Change of the variables compared to 
the case of the bare vessel

It appears that (dT/dt)max can be decreased by 60 % and 75 % for a 50 mm insulation layer in the 

cases of the lightweight cementitious and the calcium silicate respectively. The extent of this 

decrease would be the same for (dP/dt)max. The reaction completion time is the most sensitive 

variable. This shows that in case of fire, the time available for the application of safety measures 

(implementation of emergency plans, evacuation) would be longer when the vessel is 

adequately insulated.
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4.3 VENT SIZING CONSIDERATIONS

The vent sizing calculation proposed by the DIERS for vapour systems (Leung’s method 

[Leung, 1986]) require the calculation of the mass flow rate (W in kg/s) between the vent 

opening pressure and the maximum permitted pressure. Etchells et al [1998] propose to use a 

modified value (qmod) of the reaction heat release rate (qR) for the calculation of the mass flow 

rate. This conservative modification multiplies the external specific heating rate (qext) per 2. This 

aims at taking into account any increase of the external specific heat input due the emptying of 

the vessel.
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For a given vessel pressure, the reaction heat release rate would depend on the external heat 

input (Figure 26). This means that for the same vent opening pressure, different vent size would 

be required whether the vessel is insulated or not.

In the particular case of a vapour system, the heat release rate is linked to the vessel pressure by 

an Antoine type equation (see Equation 11). dP/dT is given by:

10ln
1000

22
PK

TdT

dP
= Equation 24

Assuming that friction can be neglected, the equilibrium rate model can be used to calculate the 

two-phase mass flow rate (G) at inlet conditions (subscript 0) [Etchells et al., 1998):

0

0

0 Cp

T

dT

dP
G �

�

	
�
�

�
= Equation 25

Vent sizing calculations were carried out for a 2 m
3
 vessel filled with a mixture of methanol and 

acetic anhydride. The maximum permitted pressure is assumed to be 20 % higher than the vent 

opening pressure. The influence of the insulation layer thickness (between 0 and 50 mm) and 

the vent opening pressure (4, 6, 8 and 10 bara) was investigated. Figure 27 shows that the higher 

the vent opening pressure, the larger the required vent size. It also shows that the presence of an 

insulation layer allows for a significant decrease of the required vent area. The reduction of the 

vent area due to the presence of the insulation layer is a function of:

• The insulating properties of the insulation layer: the calcium silicate allowed is better 

than the lightweight cementitious in terms of reduction of the required vent size;

• The vent opening pressure: for high value of the vent opening pressure the effect of the 

insulation layer is relatively more important.

Figure 26 shows that the difference in reaction rate between a bare vessel and an insulated 

vessel is a function of the vent opening pressure. The lower the vent opening pressure, the 

smaller the difference in reaction rate between a bare and insulated vessels. For a vapour 

pressure system, according to the vent sizing formula (Equation 22), the lower the vent opening 

pressure, the smaller the difference in required vent area between bare and insulated vessels. 
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This would not necessarily be the case of a gassy system
4
 (decomposition of certain peroxide 

compounds). Indeed, the vent sizing formula is based on the maximum pressure rise rate. At 

maximum rate, the difference between the gas production rate in a bare vessel and an insulated 

vessel could be important than during the early period of the runaway. So in the case of a pure 

gassy system the use of insulation could lead to a significant decrease of the required vent area.

Lightweight cementitious Calcium silicate (type II)
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Figure 26 2 m3 vessel filled at 80 % with a methanol + acetic anhydride mixture with 
adequate drainage and fire fighting measures: dT/dt at different vessel pressure
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Figure 27 2 m3 vessel filled at 80 % with a methanol + acetic anhydride mixture with 
adequate drainage and fire fighting measures: required vent area at different vent 

opening pressures

4
 This does not mean that for a gassy system, the vent opening pressure does not have any influence on the required 

vent area. Such influence could be observed in particular cases [Véchot, 2008]
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4.4 SUITABILITY OF VESSEL INSULATION

The presence of an insulation layer on a vessel exposed to external heating containing reactive 

chemicals leads to:

• A decrease of the maximum pressure and temperature;

• A decrease of the temperature and pressure rise rates;

• An increase of the time to maximum rate (reaction completion time);

• A reduction of the required relief vent area.

The insulation layer is indeed a suitable possible passive protection method in case of external 

fire. 

In the particular case where a storage tank containing a reactive chemical is heated by an 

external fire enough for the contents to start to self-react, and then the external fire is 

extinguished (for instance by water hydrants), the suitability of PFP is related to the exposure 

time to fire and the corresponding temperature reached in the vessel.

For very short exposure time:

• the temperature in a bare vessel would be higher than the insulated vessel, because of 

the higher heat input;

• the temperature in the bare vessel might be low enough so that:

o the natural heat losses would be enough to "compensate" for the heat generation 

by the reaction which is relatively slow. This depends on the type of chemical 

(reaction kinetics, etc) and the vessel heat transfer characteristics. This is 

however more likely to happen with reactions that start to decompose or react at 

high temperature, and with relatively small vessels (large vessels being close to 

adiabaticity),

o the decomposition starts but the time to maximum rate is long enough to take 

additional measures, like using water hydrants to cool the vessel (better if 

agitated);

• the time to maximum rate would be much more important for the insulated vessel. 

Additional measures could be taken to stop the reaction (inhibitors, etc). The use of 

water deluge to cool the insulated vessel would not be efficient. 

For long exposure time:

• the temperature in the bare vessel would be higher than the insulated vessel, because of 

the higher heat input;

• the runaway would probably not be avoided. The natural heat losses would be 

significantly low compared to the heat generation rate when the fire stops;

• the time to maximum rate would be much more important for the insulated vessel and 

the maximum T, P, dT/dt and dP/dt would be less important.

In both cases, it seems that the insulated vessel would give more time to take further actions or 

decrease the violence of the reaction.

However, in the case where the runaway reaction is initiated inside the vessel without any 

external heating (loss of the agitation, incorrect reaction, contamination of the vessel contents, 

incorrect charging sequence etc), the insulation layer would limit the heat exchange to the 

surroundings. The temperature of the chemical mixture and therefore the reaction kinetics could 

be more important than for a bare vessel. Furthermore, the insulation effect of passive fire 

protection (PFP) would reduce the effectiveness of any water deluge of fire-fighting water. The 

suitability of passive fire protection seems therefore case dependent. A proper determination of 

the worst case would help to determine the suitability of the vessel insulation.
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5 CONCLUSION

The aim of this report was to have a better understanding of fire protection requirements for 

reactive chemical storage vessels.

A Phitec calorimeter was adapted to simulate the effect of external heat input on reactive 

chemicals. Four heat input devices were designed and tested:

• 110 ml standard closed test cell + 49 W wrapped around heater (Setup A);

• 110 ml standard closed test cell + 50 W bottom heater (Setup B);

• 82 ml custom closed test cell + 30 W 1/4" cartridge heater (Setup C);

• 82 ml custom closed test cell + 30 W 1/8" cartridge heater (Setup D).

The use of setup A and B (heating wires) represents the simplest way to simulate an external 

heat input. The main advantages are that standard test cells can be used (standard values of phi 

factor) and low extra heating of the vapour phase occurs. However, the nominal power delivered 

by the power supply is partly used to heat the system (70 % to 80 %), a significant and 

inconsistent amount of heat being lost to the surroundings. With setup C and D (1/4" and 1/8" 

cartridge heaters), the nominal power is fully used to heat the system. They appeared to be the 

best setups to input external heat in a test cell, the exact amount of heat input being known. 

Setups C and D, however, showed a slightly higher value of the phi factor (approximately 5 % 

higher than the phi factor of a standard test cell) and the possibility of an overheating of the 

vapour phase for high values of the heating power. They also require the design of custom test 

cells.

The external heat input devices were tested with model reactive systems. Good results were 

obtained with the methanol + acetic anhydride reaction (vapour system) and the decomposition

reaction of 20 % DTBP in toluene (tempered hybrid system). A good agreement between the 

results obtained with setup A and D was achieved. The results showed that increasing the 

amount of external heat input leads to a decrease of the reaction completion time, an increase of 

the maximum temperature and pressure, and an increase of the maximum temperature and 

pressure rise rates. The hydrolysis of acetic anhydride reaction was tested with setup D (1/8" 

cartridge heater). Some problems of reproducibility were experienced, probably due to the 

degradation of the cartridge heater by highly corrosive liquid (anhydride acetic and acetic acid). 

This showed the necessity of ensuring that the use of a cartridge heater does not influence the 

results.

The validity of two theoretical correction methods of adiabatic data were experimentally tested 

using the data obtained with the methanol and acetic anhydride reaction with setup D (1/8" 

cartridge heater):

• Huff’s method: This theoretical correction gave conservative results, with the significant 

advantage of only requiring few input data (adiabatic temperature rise rate and 

activation energy). However in the case of systems showing multiple overlapping 

reactions with different activation energies, Huff’s approach would fail.

• Dynamic model taking into account the effect of external heating: The predicted 

temperature and pressure are quite close to the experimental data. The dynamic 

simulation approach is likely to give better results. But its implementation requires a 

good knowledge of the chemical system (thermodynamics, kinetics, physical and 

chemical properties), which is not often available.

When the chemical system is too complex to be simulated by a dynamic model, data is not 

available, or when it is outside the application range of Huff’s method, the experimental 
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measurement of the temperature and pressure rise rate using the heat input setup developed in 

this work would be a reliable, cost-effective and convenient alternative.

It would be beneficial if some limited further experimental work was undertaken with reactive 

monomers of industrial interest (e.g. methacrylate).

Calculations of the heat input into a 2 m
3
 insulated vessel (insulation type: lightweight 

cementitious or calcium silicate) exposed to pool fire were carried out using simple methods 

from the API 521 international standard and the UN recommendation on the transport of 

dangerous goods. Some inconsistencies in these methods were noticed. It appeared that they 

could (wrongly) predict values of specific heat input for insulated vessels higher than for bare 

vessels in the following cases:

• Large values of the thermal conductivity of the insulation layer;

• Low values of the insulation thickness.

Dynamic simulations and vent sizing calculations were carried out for a 2 m
3
 vessel containing 

methanol and acetic anhydride mixture, and exposed to a pool fire. The heat input was assessed 

by the API 521 method. The simulations showed that the presence of a PFP insulation layer 

(insulation type: lightweight cementitious or calcium silicate) leads to:

• A decrease of the maximum temperature and pressure;

• A decrease of the maximum temperature and pressure rise rates;

• An increase of the reaction completion time;

• A reduction of the required vent area.

The insulation layer could be a suitable passive protection method in case of external fire. 

However, in the case where the runaway reaction is initiated inside the vessel without any 

external heating, an insulation layer could limit the heat exchanges to the surroundings. The 

temperature of the chemical mixture, and therefore the reaction kinetics, could be more 

important than for a bare vessel. The suitability of passive fire protection seems therefore case-

dependent. A proper determination of the worst case would help to determine the suitability of 

the vessel insulation.

Furthermore, the insulation effect of passive fire protection (PFP) would reduce the 

effectiveness of any water deluge of fire-fighting water. 

A matrix of possible combinations could be calculated and a look-up table prepared to aid 

decision making.
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NOMENCLATURE

Aws Exchange surface (m
2
)

Avent Relief vent area (m
2
)

B Kinetic equation coefficient (-)

C Pre-exponential factor (-)

Cp Specific heat capacity (J.kg
-1

.K
-1

)

D Vessel diameter (m)

(dT/dt)S Temperature rise rate of the reacting mixture at vent opening (K.s
-1

)

(dT/dt)max Temperature rise rate of the reacting mixture at maximum permitted pressure (K.s
-1

)

Ea Activation energy (J.mole
-1

)

F Environment factor of insulation factor (-)

H Vessel height (m)

I Intensity (A)

k Thermal conductivity (W.m
-1

.K
-1

)

K1 Coefficient of Antoine’s equation (bara)

K2 Coefficient of Antoine’s equation (bara.K)

m Mass of liquid (kg)

n Kinetic equation coefficient (-)

P Pressure (bara)

q Kinetic equation coefficient (-)

Q Heat input (W)

Qnom Nominal power delivered by the power supply (W)

Qlost Power lost to the surroundings (W)

qR Reaction specific energy release rate (W.kg
-1

)

qext Specific external heat input (W.kg
-1

)

R Resistance (�)

r Vessel radius (m)

t Time (s)

T Temperature of the vessel contents (K)

Text Temperature of the outside surface of the insulation layer directly in contact with the 

fire (K)

U Vessel overall heat transfer coefficient (W/m
2
)

V Vessel volume (m
3
)

W Mass flow rate (kg.s
-1

)

X Chemical reaction conversion (-)

�ins Insulation layer thickness (m)

� Adiabaticity factor, phi factor (-)

�Hr Reaction energy (J.kg
-1

)

�T Liquid temperature difference between the vent opening and liquid and the maximum 

permitted pressure (K)



41

APPENDIX 1: SCHEMATIC OF THE CUSTOM TEST CELLS
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APPENDIX 2: CHARACTERISATION TESTS WITH WATER

The characterisation tests of the different heat input setups were carried out by filling the test 

cells at 70 % with water and measuring the temperature increase resulting from different values 

of nominal powers delivered by the external power supply (see 2.1.3). The following graphs 

were used to calculate for the efficiency of each heating systems (see Equation 4).

Nominal power = 8.16 Watts (10 Volts)
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Nominal power = 47.19 Watts (24 Volts)
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CLOSED_77gwater_WrappedExt5to24V_220807.xls

0

50

100

150

200

0 20 40 60 80

Time (min)

T
e

m
p

e
ra

tu
re

 (
°C

)

2.03 W 8.16

W

18.39

W

32.76

W

47.19

W

0

2

4

6

8

10

12

14

16

0 50 100 150 200

Temperature (ºC)

P
re

s
s

u
re

 (
b

a
ra

)

Figure 28 Heating of water with setup A

(110 ml standard closed test cell + 49 W wrapped around heater)
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Nominal power = 8.32 Watts (9.42 Volts)
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Figure 29 Heating of water with setup B

(110 ml standard closed test cell + 50 W bottom heater)
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Nominal power = 8.32 Watts (13 Volts)
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Nominal power = 28.13 Watts (24 Volts)
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Figure 30 Heating of water with setup C

(82 ml custom closed test cell + 30 W 1/4" cartridge heater)
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Nominal power = 8.32 Watts (12.15 Volts)

CLOSED_Cart1_8_57gWater_12point15V_22112007.xls

0

50

100

150

200

0 25 50 75 100

Time (min)

T
e

m
p

e
ra

tu
re

 (
°C

)

0

2

4

6

8

10

12

0 50 100 150 200

Temperature (ºC)

P
re

s
s

u
re

 (
b

a
ra

)

Nominal power = 31.4 Watts (24 Volts)
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Nominal power = 1.38 to 22.07 Watts (5 to 20 Volts)
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Figure 31 Heating of water with setup D

(82 ml custom closed test cell + 30 W 1/8" cartridge heater)
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APPENDIX 3: CALCULATION OF THE HEAT CAPACITY OF A CHEMICAL 
MIXTURE WITH SETUPS C AND D

The heat input systems corresponding to the setups C (82 ml custom closed test cell + 30 W 

1/4" cartridge heater) and D (82 ml custom closed test cell + 30 W 1/8" cartridge heater) could 

be used to measure experimentally the heat capacity of a liquid. This could be done by 

measuring the temperature increase resulting from a known value of the nominal power 

delivered by an external power supply, as long as no exothermic reaction occurs at the same 

time. The thermal balance in this case would be:

( )
extliquideliquide qm

dt

dT
mCp

•

=� Equation 26

with 

( ) ( ) ( ) ( )
( )

liquid

fittingsheatercelltestliquid

mCp

mCpmCpmCpmCp +++
=� Equation 27

The heat capacity is therefore given by:

( ) ( ) ( )[ ]

dt

dT
m

dt

dT
mCpmCpmCpqm

Cp

liquide

fittingsheatercelltestextliquide

liquid

++�
=

•

Equation 28

This measurement could be carried out with a reacting mixture before and after the chemical 

reaction. This would lead to a realistic assessment of the heat capacity instead of using the 

values from the pure components.
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APPENDIX 4: LITERATURE AND EXPERIMENTAL DATA ON 
METHANOL/ACETIC ANHYDRIDE CHEMICAL MIXTURE

MAA_Cp.xls

1500

2000

2500

3000

3500

0 50 100 150 200 250

Temperature (ºC)

C
p

 (
J

.k
g

-1
.K

-1
)

Methanol Acetic Anhydride

Methyl acetate Acetic acid

Figure 32 Heat capacity of the pure component: methanol, acetic anhydride, methyl 

acetate and acetic acid

The activation energy of the methanol/acetic anhydride (molar ratio = 2:1) is calculated on 

Figure 33 from an adiabatic experiment. The slope of the early part of the curve ln dT/dt = f(-

1000/T) (corresponding to the low conversion of the reactants) equals to Ea/(1000xR).
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Figure 33 Methanol/acetic anhydride (molar ratio = 2:1): determination of the activation 

energy from an adiabatic experiment
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APPENDIX 5: HARE ET AL. FIRE PROTECTION MEASURE FOR VESSELS 
CONTAINING REACTIVE CHEMICALS, ICHEME SYMPOSIUM SERIES 
Nº153, PAGES 1-6, 2007
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The objective of this work is to have a better 
understanding of the phenomena that occur when a 
vessel containing reactive chemicals is exposed to 
an external fire and so assess possible preventive 
and mitigation measures. The following approach 
has been adopted:

an experimental calorimetric system for the 
simulating the effects on chemicals in vessels 
under fire loading was developed;
the validity of theoretical models for the 
correction of adiabatic data were tested 
experimentally;
dynamic simulations of large-scale vessels 
containing reactive chemicals exposed to a 
pool fire were carried out in order to study the 
effect of the presence of an insulation layer.

This work will form a useful basis for HSE to assess 
the adequacy of the ‘fire case’ for relief systems 
provided on a range of process reactors containing 
reactive chemicals and on storage vessels for 
reactive monomers. These installations vary in size 
from small reactors common in the pharmaceutical 
and fine chemical industries to the large, several 
hundred tonne capacity storage vessels used in the 
petrochemical industry.

This report and the work it describes were funded 
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contents, including any opinions and/or conclusions 
expressed, are those of the authors alone and do 
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