
Introduction

Under the patronage of the American Institute of Chem-

ical Engineers (AIChE) in 1976, an international con-

sortium of 29 companies constituted the Design Institute

for Emergency Relief System (DIERS) to evaluate ex-

isting methods and develop new technologies to design

emergency relief system (ERS) for runaway reactions.

Of utmost importance was the stress of when the

two-phase flow would occur and the prediction of va-

por-liquid swell which were neglected in the traditional

methodologies. In case of the activation of the relief de-

vice, the discharge was well demonstrated to be

two-phase flow, such as highly exothermic reaction,

self-reactive system, high liquid level and highly vis-

cous system. During the venting of the runaway reac-

tion, the pressure in vessel will be tempered by volumet-

ric rate of discharge and by the effect of temperature,

composition and mass flow on the reaction system. If

two-phase flow occurs, the vapor-liquid phase ratio in

the venting system will strongly influence the rate of

volumetric discharge, mass loss, and evaporative cool-

ing. In general, vent area in a two-phase flow must be

larger than the relief area at all vapor or subcooled liquid

flow. In practice, the ratios of vent area for two-phase

flow compared to single-phase flow may be from sev-

eral times to hundredfold. The research efforts and over-

view of DIERS technology were presented in a project

manual that discussed the details of the recommended

methodologies [1]. Besides, OSHA (29 CFR 1910.119)

has also recognized the DIERS technology is a good en-

gineering practice [2].

Center for Industrial Safety and Health (CISH)

of ITRI in Taiwan followed and developed the DIERS

technology in 1992. ITRI is also a member of the

DIERS Users Group. In the past two decades, several

incidents of fire, explosion or atmospheric released

which were originally come from the runaway reac-

tions occurred at reaction vessels or storage tanks.

Thermal explosions of organic peroxides caused the

most severe damages and losses [3]. To date in Tai-

wan, more than eight chemical or petrochemical com-

panies had adopted DIERS technology for re-evaluat-

ing the ERS in existing plants. These evaluations in-

cluded acrylonitrile-butadiene-styrene (ABS), acrylic

polymer, purified terephthalic acid (PTA), sty-

rene-acrylonitrile (SAN or AS), polystyrene (PS),

high density polyethylene (HDPE), polypropy-

lene (PP), styrene-butadiene rubber (SBR) and ther-

moplastic elastomer (TPE) plants. Vent sizing, con-

struction of piping systems (inlet and outlet), mass

flow rates, two-phase flow behaviors, vapor-liquid

separation tanks, flares and scrubbers are individually

or in whole re-verified by using DIERS methodology.

Application of design in ERS for two-phase flow

using DIERS methodology is very complex and can be

solved by a number of approaches. These different

ways are grouped into two important categories, which

are detailed computer simulations and simplified meth-

ods, respectively. Computer method can trace the dy-
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namic behaviors of the system during the pre-relief and

relief stages that may occur in the vessel. Nevertheless,

by using the computer code, a lot of chemical and

physical properties are needed to be putting in to de-

scribe the hydrodynamic system during venting. In ad-

dition, the operation of the program should be easy or

friendly to users and engineers. Most of the user or de-

signer appear to prefer the using of simplified or ω

methodology. These simplified approaches repudiated

the complexity of computer code and demonstrated the

excellent results, which were in good agreement to

those acquired from computer codes. These facile and

fluent modes are the Huff’s method, the Fauske’s

nomographs and simplified equations, and the Leung’s

ω methods [4–6].

The simplified methodologies also require the

data of the physical and chemical properties of the re-

active systems including possible intermediates.

These data must be known or determined experimen-

tally. Especially, the calorimetric measurements cor-

roborated the chemical kinetics, thermodynamic data

and pressure history. For a reactive system, the defini-

tion of the credible or the worst case is very important

for determining the design base of the ERS. In case of

a two-phase flow occurred at a runaway reaction,

Leung has developed a simplified methodology for

calculating emergency relief area without knowing

detailed kinetics. These critical data required for vent

sizing are the self-heat rate, the specific heat of the re-

actant, the average heat generation rate, heat of vapor-

ization and over-temperature and pressure behaviors.

Practically speaking, self-heat rate, the average heat

generation rate, over-temperature and pressure behav-

iors can be obtained from an adiabatic calorimeter of

a bench-scale size, such as VSP2, Phi Tec II or

adiabatic DEWAR calorimeter.

In this study, we suggested a mathematical

model to reproduce the required data to match the

Leung’s ω method. For these reasons of simple, effec-

tive, less expensive, avoidance of danger, easy for op-

eration, etc., the thermal curve determined from DSC

associated with its intrinsic kinetics and physical data

to build up this approach. Pressure behaviors of the

tempered, gassy or hybrid were discussed by the data

from experimental results or calorimetric measure-

ments. Vent sizing by using the Leung’s ω methodol-

ogy was discussed with examples of reactive mono-

mer and organic peroxide. Kinetic model of the nth

order or auto-catalytic was adopted for verifying the

effectiveness of this study. The information and

procedure for designing of ERS are shown in Fig. 1.

Experimental

Samples

80 mass% cumene hydroperoxide (CHP) in cumene was

supplied from the local firm, pure styrene without add-

ing inhibitor was provided from the Grand Pacific Pet-

rochemical Company, high purity di-tert-butyl peroxide

(DTBP) and 2-nitrotoluene were purchased directly

from Merck Co., then were all stored in a refrigerator

at 4°C. 4-Chloro-3-nitro benzoic acid with a 98 mass%

purity was purchased from Sigma-Aldrich Co.

DSC (differential scanning calorimetry)

Temperature-programmed screening experiments

were performed on a Mettler TA8000 system

DSC821
e
. The test cell (Mettler ME-26732) could

withstand high pressure until about 100 bar [7].

STAR
e

software was operated for acquisition of ther-

mal curves and for analyzing chemical kinetics. Scan-

ning rate chosen for the temperature-programmed

ramp was at about 4°C min
–1

to maintain better ther-

mal equilibrium. About 1 to 10 mg of the testing sam-

ple was used for acquiring the experimental data. The

test cell was sealed manually by the special tool

equipped with Mettler’s DSC, and conducted the dy-

namic scanning by starting the programmed setting.

VSP2 (vent sizing package 2)

Vent sizing package 2 (VSP2) manufactured by

Fauske & Associates, Inc., which is a PC-controlled

adiabatic calorimeter system, it can be used to acquire

the temperature and pressure traces vs. time. An adia-

batic calorimeter with the low heat capacity of the test

cell ensures essentially all the reaction heat released

remains within the tested sample. The thermal inertia

factor of the test cells are about from 1.05 to 1.32 that
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Fig. 1 A flow chart for designing of ERS



can assess the thermokinetics and thermal hazards,

then directly extrapolate to the process conditions [8].

To protect the normal operation of this apparatus and

avoid bursting the test cell and missing the exother-

mic data, CHP 35 mass% was deliberately chosen for

the experiments of VSP2. The injected volume of

CHP 35 mass% was controlled at about 16.4 mL into

the spherical test cell. Then, standard

heat-wait-search (HWS) procedure was operated to

conduct the adiabatic runaway test. If there was any

prominent temperature or pressure rises, then the pro-

gram terminated the HWS step and switched off the

main heater and turned on the guard heater for closely

tracking runaway reaction.

Mathematical model

For a reactive system, overpressure in a vessel is nor-

mally due to heat of reaction that obeys the overall en-

ergy balance of the reactants and products. The

worst-case scenario is the most severe up-set that may

be encountered in process deviations, which can be de-

termined by adiabatic calorimeter or the experience of

process engineers. The severity of a runaway reaction

is usually ranked by the self-heat rate or pressure-rising

rate. For the empirical formula proposed by Fauske

and Leung, the emergency relief area is directly pro-

portional to the self-heat rate [9]. In general, the analyt-

ical equation proposed by Leung is one of the most

commonly used models. The most critical parameter

needed for vent sizing is the self-heat rate, which can

be directly detected by the adiabatic test device that has

a low φ. An ARC or an similar equipment with a high φ

from 2 to 10 may be also used in the earlier develop-

ment of adiabatic calorimetry. The self-heat rate ob-

tained at the condition of a high φ should be corrected

to a phi factor as low as φ=1.3 [10].

Two methods for correcting φ were proposed by

Fisher and Huff [1, 11], respectively. From the study

of Wilcock and Rogers [10], the simulated data from

Huff’s method seemed to be more fitted than that of

Fisher’s one. Besides, among the data acquired from

adiabatic calorimetry, self-heat rate can be expressed

by kinetic data from DSC or by conventional data

from chemical kinetics. Fisher suggested the follow-

ing equation for correcting φ value.
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These corrective methods may be unable to obtain

the actual self-heat rate, because they do not take reac-

tion order, auto-catalytic behaviors, gas evolution and

heat transfer effect into account. For avoiding an incor-

rectly sized relief area, self-heat rate has better to be

measured from an excellent adiabatic calorimeter or

calculate from chemically kinetic parameters. In this

study, we selected both n
th

order reaction and auto-cat-

alytic reaction for verification of our approaches. For

an n
th

order reaction,
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For an auto-catalytic decomposition which pos-

sessed the simplified mechanism as following,
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d

d

tot

p

m nT

t

H

C

k k=
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

+– [ ( – ) ( – ) ]
Δ

1 2
1 1α α α (9)

In these equations, α is evaluated from the ther-

mal curve detected by DSC.
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Pressure system

Systems of pressure behaviors are characterized by

the generation of pressure from reactants, intermedi-

ates, and products in case of runaway. Tempered,

gassy and hybrid systems are discussed in DIERS

methodology. For a tempered system, the vapor pres-

sure obeys the Antoine’s equation or follows the

Clausius–Clapeyron equation. Most of the non-

condensable gases came from decomposition of reac-

tants contribute the pressure build-up of a gassy sys-

tem. The pressure behaviors between vapor and gassy

system are hybrid system. Vapor pressure of the vola-

tile components and non-condensable gases result in

the total pressure of gas phase.
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The equation of state for the vapor component

can be represented by Antoine equation as follows:

ln –P a
b

T
V

= (11)

where b is equal to ΔHvap/R via the Clausius–Clapeyron

equation.

For the pressure of non-condensable, ideal gas

law is approximately obeyed.

P
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For the gassy or hybrid system, Dalton’s law of

partial pressure is followed. The total pressure is ex-

pressed as the sum of partial pressures.

Ptot=PV+Pg (13)

Once the (dT/dt) and pressure equation are

solved, these analytical equations give the time evalu-

ation of temperature and pressure, the relation of pres-

sure vs. temperature and pressure-rising rate (dP/dt).

Venting behaviors

Computer simulation performs the time evolution and

dynamic behaviors before and after the relief situation.

A delicate equation combined mass balance and en-

ergy balance for expressing the dynamic self-heat rate

during relief was proposed by Rota et al. [12]. For a

tempered system, the simplified energy equation for

the reactor is presented in a general formula [5, 6].
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The flow regimes in vessel hydrodynamic behav-

iors are pure vapor venting, bubbly flow, churn-turbu-

lent flow and homogenous flow. These flow regimes

were thoroughly described by the drift flux model.

Phenomena of vapor-liquid disengagement were dis-

cussed in a DIERS report [3]. Overpressure and vent-

ing behaviors during emergency relief of these flow re-

gimes were discussed by Leung [5, 6]. From these

studies, the largest relief vent rate was generally the

homogeneous-vessel venting. In addition, at the same

overpressure the largest relief area needed was also the

homogeneous-vessel flow. For a more conservative

and straight-forward viewpoint for engineering pur-

pose, the flow regime of homogeneous flow in vapor

pressure system was proposed.

By making certain simplifications and assump-

tions, an analytical equation for the mass flow

rate (W) was arrived.
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Vent sizing for gassy system

Decomposition of organic peroxides accompanies con-

siderable quantity of releasing of non-condensable

gases. Various simplified sizing equation for gassy

system are widely discussed and used. These methods

were suggested by Fauske et al. [13–15], respectively.

For the gassy and non-tempered system, it is important

to size the relief area and evaluate the mass flow rate.

Evaporative cooling by latent heat of solvent, hence re-

action temperature is not tempered. Based on

steady-state assumption, the design method is based on

volumetric rate balance. This simplified volumetric

rate balance is assessed at the maximum allowable

pressure, so that the evaluation is conservative one.

Consequently, Leung’s method is the most popular and

discussed in this study. Vent area of a gassy system is

calculated by the following equation.
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Vent sizing for hybrid system with tempered

behaviors

From the behaviors of pressure relief, three kinds of

runaway reactions can be characterized as the vapor
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system, the gassy system and the hybrid system. The

gaseous components of hybrid system composed of va-

por and non-condensable gases. Hence, the relief be-

havior of hybrid system possessed the characteristics

fell in the region between pure gassy and pure vapor

system. For matching with the need and importance of

industry, an analytical treatment was proposed by

Leung [15]. By considering the unsteady conserva-

tions, a set of governing equations for venting a hybrid

system was obtained and suggested. The evaluation of

discharge flow of a hybrid mixture through nozzle un-

der homogeneous equilibrium assumption was de-

scribed by the typical mass flux equation. For applica-

tion in relief design or vent sizing, a set of analytical

solution fitted to the discharge rate equation and have

to be obtained. For practical design viewpoint, it merits

of reducing the relief of hybrid system to either pure

gassy system or pure vapor system. It is also for safety

reason to choose one of the larger vent area calculated

by pure gassy or pure vapor case.

Results and discussion

Thermal hazard analysis

Figure 1 shows the approaches and procedures for

evaluating ERS from a single DSC thermal curve. It is

a more convenient method than the earlier published

studies and without sacrificing the accuracy. Espe-

cially, in the investigation of exothermic runaway reac-

tion from adiabatic calorimeter, the experimental

methods cost much and spend more time to perform

the runaway reaction. For a highly exothermic reac-

tion, we might have to endure the higher φ value. For

some tests, the φ was as higher as 10. Variation in φ

will influence not only the measured kinetics of the re-

action, but also the thermodynamics and pressure

behaviors. Therefore, the development of a runaway

reaction and thermal hazard data were changed inevita-

bly. Correction of adiabatic runaway reaction data for

the effect of φ spend more efforts, and may lead to

larger deviation from real data with φ equals unity. For

example, nitro-compounds and organic peroxides of

high concentration have been operated with a small

quantity in adiabatic calorimeter under a φ value quite

larger than unity. Hence, adiabatic runaway hazard

could be distorted and vent sizing or mass flow rate

might be underestimated. From simulation of this

model from Table 1, Figs 2 and 3, the runaway reac-

tions of nitro-compounds and organic peroxides of

high concentration were hardly to be reduced or dic-

tated by emergency relief. By the trends of these char-

acteristic data, there will result in the thermal explo-

sions. These runaway reactions should be avoided only

by process control associated with careful designs in

advance. Protection by the emergency relief has to be

excluded in these cases due to the severity of conse-

quence in case of runaway reaction being occurred.

Vent sizing calculation

It is worthwhile in this study to emphasize the appli-

cation of DIERS methodology in runaway system of

styrene polymerization and decomposition of CHP

within the concentration from 20 to 35 mass%.

Case study 1: Runaway on thermal polymerization of

styrene

A typical runaway reaction from styrene monomer

tank (5 bar MAWP) was verified for evaluation of the
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Table 1 Kinetic constants of the Arrhenius equation from DSC thermal curves

Parameter DTBP 2-Nitrotoluene Styrene CHP
3-Nitro-4-

chlorobenzoic acid
a

Mass/mg 3.93 1.0 6.49 9.07 2.58

ΔH/J g
–1 this work

1250

Leung

1212.2
2406.64

this work

641.1

Leung

724.8

80 mass%

1425.3

35 mass%

623.6
1369.7

Ea/kJ mol
–1

163.03 158 278.12 84 80.56 124.2
Ea1=157

Ea2=113

lnA/s
–1

37.76 36.73 46.23 15.48 14.0 27.85
A1=24.2

A2=15.48

n 1 1 2.5 0.5
m=0.5

n=1.8

Cp/J g
–1

°C
–1

2.1 2.1 2.1 2.1 2.1

b
Tonset/°C 160 340 140 150 320

c
T0/°C 110 290 90 100 270

Δ ΔT HC
ad p

–1
( ) 595 577 1146 305 345 848 297 652

Tf (T0+ΔTad) 705 687 1436 395 435 948 397 922

a
Auto-catalytic model: r= –k1[A]–k2[A]

m
[B]

n
[16];

b
Tonset is typically defined as the intercept of the baseline and maximum

heat-releasing line of a DSC curve;
c
T0 is assumed to be at (Tonset–50°C).



emergency relief system. Table 2 has its relief condi-

tions. Adiabatic runaway data were determined by

calorimeter and physical properties were from pub-

lished studies [11, 17]. Figure 4 shows the tempera-

ture derivative with respect to time comparison this

study to that of Leung.

The pressure behaviors of runaway reaction of

styrene have been treated as a vapor system [17]. We

adopted the Leung’s ω-method to evaluate vent area,

mass flux, and mass flow rate. At the set point:

ω α ρ= +
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2
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Fig. 2 Data of DSC thermal curves; a – styrene, b – 2-nitro-toluene, c – DTBP, d – 4-chloro-3-nitro benzoic acid and e – CHP 35 mass%

Table 2 Runaway and emergency relief conditions of a sty-

rene monomer tank

4.5 bar set 5.4 bar peak

νf/m
3

kg
–1

*νg/m
3

kg
–1

Cp/kJ kg
–1

K
–1

hfg/kJ kg
–1

0.001388

0.08553

2.470

310.6

0.001414

0.07278

2.514

302.3

V

m0

Ps

Ts

(dT/dt)s

Pm

Tm

(dT/dt)m

13.16 m
3

(3500 gal)

9500 kg

4.5 bar abs.

209.4°C (482.4 K)

22.5°C min
–1

=0.375 K s
–1

5.4 bar abs. (assuming 10% above MAWP)

219.5°C (492.5 K)

30.1°C min
–1

=0.502 K s
–1

*ideal gas assumed
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Fig. 3 Simulation on adiabatic runaway; a – styrene, b – 2-nitro-toluene, c – DTBP, d – 4-chloro-3-nitro benzoic acid and

e – CHP 35 mass%



Case study 2: Decomposition of CHP 35 mass% in

cumene

Table 3 displays the emergency relief conditions of a

CHP 35 mass% tank. CHP is widely used in Taiwan as

an initiator in polymerization, especially for the co-

polymerization of acrylonitile-butadiene-styrene (ABS).

CHP is also used for producing phenol and acetone by

acidic cleavage. It was produced by the oxidation reac-

tion of cumene and oxygen in air. CHP was controlled at

first stage from 20 to 35 mass% then for continuing con-

centration process. It may be further concentrated to 80

mass% or reacted with inorganic acid to make phenol or

dimerized to be a dicumyl peroxide (DCPO).

Decomposition of organic peroxide can release

non-condensable gases and major component of

CHP 35 mass% is cumene, the pressure behavior of

CHP is a hybrid system. We first treated it as the limit

of vapor system, then treated it as another limit case

of gassy system.

Limiting condition 1: Decomposition of

CHP 35 mass% as a vapor system

Here, the Leung’s ω-method was applied. At the set

point:

ω α ρ= +
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Mass flux was corrected by using empirical curve-

fitted equation.
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Fig. 4 Adiabatic self-heat rate (L – from Leung [17], D – this

study) data for styrene polymerization

Table 3 Runaway and emergency relief conditions of a CHP 35 mass% tank

1.8 bar set 5.5 bar peak

νf/m
3

kg
–1

*νg/m
3

kg
–1

Cp/kJ kg
–1

K
–1

hfg/kJ kg
–1

0.00108

0.151

1.79

348.4

0.00108

0.151

1.79

348.4

V

m0

Ps

Ts

(dT/dt)s

Pm

Tm

(dT/dt)m

6 m
3

4500 L⋅d=4500 L⋅ ⋅ + ⋅
+

0 351038 0 65 0 864

0 35 0 65

. . . .

. .

kg L
–1

=4162.05 kg

1.8 bar abs.=1.8⋅14.7 psi=26.46

114°C (387 K)

0.1°C min
–1

=0.002 K s
–1

1.1⋅5 bar (10% above MAWP)=5.5⋅14.7 psi=80.85 psi

150°C (423 K)

2°C min
–1

=0.033 K s
–1

*Ideal gas assumed.



relief vent area:

A
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G

= = =1342

24472

00005
.

.

. 5 m
2

Limiting condition 2: decomposition of

CHP 35 mass% as a gassy system [18, 19]

The stoichiometry is proposed by Kharasch et al. [20].

Table 4 shows the thermal decomposition of CHP re-

leased only methane gas. The mole faction of methane

to CHP was measured to be 0.256.

volumetric rate:
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If Pb/P0<ηc, Pb=1 atm, then η=ηc. Otherwise,
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Conclusions

A simple approach for both evaluating runaway reac-

tion and emergency relief condition was suggested.

Thermal curves detected by DSC combined with

physical properties, pressure behaviors and mathe-

matical methods offered an alternative course to as-

sessment of runaway hazard and to basic data for

emergency relief system. In this work, we examined

highly exothermic compounds such as nitro-com-

pounds, organic peroxides, and reactive monomers to

verify the effectiveness of this method. As a rule of

thumb, any material with self-heat rate ex-

ceeded 100°C min
–1

was excluded for energy relief

system design because of its very large relief area,

mass flow rate, and potential risk which is unaccept-

able. This is a promising way to avoid the correction

of thermal inertia to perfect adiabatic behavior, where

phi value much larger than unity may lead to

under-estimate of vent sizing or mass flow rate.

Nomenclature

A vent area/m
2

Cp liquid specific heat at constant pressure/kJ kg
–1

°C
–1

Cv liquid specific heat at constant volume/kJ kg
–1

°C
–1

Ea activation energy/kJ mol
–1

G mass flux in vent leaving vessel/kg m
–2

min
–1

ΔHtot heat of reaction/J kg
–1

hfv latent heat of vaporization

ki rate constant/s
–1

M
1– n

m, n order of reaction

m0 mass of reactant/kg

Mg molecular mass of gas/g mol
–1

mg mass of gas/kg

Pg gas pressure/bar
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Table 4 Runaway and emergency relief conditions of CHP 35 mass% system

VSP 2 apparatus Process vessel

mt=15.12 g(CHP 35 mass% in cumene) V=6 m
3

Vc (in VSP 2)=3.8 L MAWP=5 bar

(dT/dt)max,φ=1.45=108°C min
–1

MAP=1.1 MWAP=5.5 bar

(dP/dt)max=0.1544 atm min
–1

=260.74 N m
–2

s
–1

Pmax=MAP=5.5 bar

Pb=1 bar=14.7 psi

m0=4500d=4162.05 kg

ρf=d=0.35⋅1.038+0.65⋅0.864=0.9249 g cm
–3



Ptot total pressure/bar

PV vapor pressure/bar

�

Q energy flux/W g
–1

q heat-releasing rate/J kg
–1

s
–1

R ideal gas constant/8.314 J g
–1

K
–1

TA final adjusted temperature/K

TA0 initial adjusted temperature/K

TM final measured temperature/K

TM0 initial measured temperature/K

(dT/dt)m maximum self-heat rate/°C min
–1

(dT/dt)s self-heat rate/°C min
–1

dT/dt temperature derivative with respect to time/°C min
–1

ΔT temperature rise/°C

V volume of vessel/m
3

V0 volume of sample/m
3

vfv net volume change in vaporization

Vg volume of gas/m
3

Vl volume of liquid/m
3

W relief mass flow rate/kg min
–1

Wv vapor venting relief vent rate/kg min
–1

φ thermal inertia

x partial fraction

α degree of conversion

η pressure ratio relative to inlet pressure

ρ0 density/kg m
–3

Subscript

c chock condition

f liquid phase

fg difference between gas (vapor) phase and liquid phase

g gas phase

l liquid phase

max maximum

r rate of reaction/M s
–1

s set point

t VSP 2 test cell

v specific volume/m
3

kg
–1
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