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Abstract: In small and medium-sized chemical plants, explosions constantly occur owing to runaway
reactions because of equipment defects or human errors and so on. Accordingly, in this study, based
on a case study of an explosion accident in a polystyrene reactor in South Korea, the dis-charge
capacity of hazardous substances during a runaway reaction is reviewed and a method for safely
disposing of hazardous substances is proposed. Using an acceleration rate calorimeter, the maximum
temperature rise rate during the polystyrene reaction was determined, and it was determined that
355,643 kg/h can flow during a runaway reaction. A 30-inch header size was then selected to consider
maximum flow rate, and two 81.4 m2 heat exchangers were selected to completely condense the
hazardous substances. As a result, the facilities at the workplace were configured to condense
all hazardous substances and discharge them into the atmosphere. If this method is used, it is
believed that the lives of workers can be protected by preventing fires and explosions in small and
medium-sized chemical plants in which runaway reactions may occur.

Keywords: acceleration rate calorimeter; case study of the South Korea chemical industry;
runaway reaction

1. Introduction

Small and medium-sized chemical plants handle hazardous materials, such as flammable
liquids. There is a high probability of fire, explosion, or leakage if problems occur because
of operator errors, aging equipment, or equipment failures [1]. Additionally, if reaction heat
is not controlled owing to a failure of the cooling system, or if impurities are introduced
during the reaction process, a runaway reaction may occur, so special care must be taken
during the operation [2,3]. When atoms or molecules combine, heat is released, generating
reaction heat, and when atoms or molecules break, energy is absorbed and heat is removed.
Therefore, in the case of a batch reactor that produces polymers, such as urethane resin,
acrylic resin, and styrene resin, the heat of the reaction is relatively high because the chains
continue to combine during the reaction, and the possibility of fire or explosion is high be-
cause the batch reactor contains a large amount of flammable and reactive substances [4,5].
In such exothermic reactions, the phenomenon in which the reaction rate rapidly increases
because of changes in the flow rate, concentration, inflow, or other parameters is called
a runaway reaction [6,7]. This phenomenon is the cause of major industrial accidents,
and it is the representative and main industrial accident that occurs in chemical reaction
processes [8,9]. Serious industrial accidents caused by leaking of hazardous substances
and fires and explosions in chemical plants have become a major issue worldwide, and
studies and research to prevent them are being actively performed. In South Korea, the
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Process Safety Management System was introduced in the Safety and Health Act, and it
has been in effect since 1996 [10]. Nevertheless, in the case of small and medium-sized
South Korean chemical plants built in the 1970s and 1980s, the risk of major accidents is
gradually increasing owing to workers’ carelessness, facility and equipment defects, and
lack of awareness of the dangers of chemicals [11]. In South Korea chemical plants, when
hazardous substances that can cause fire or explosion are discharged through a pressure
safety valve or rupture disk, they are disposed of by combustion through a flare stack.
For small and medium-sized chemical plants, the cost of installing flare stacks is high and
the space is limited, so hazardous substances are dealt with by being discharged into the
atmosphere at a certain height or connecting the reactor to a small-capacity scrubber or
activated carbon tower. This method creates an explosive atmosphere on the ground, which
may cause additional fires or explosions. Article 267 of the South Korea Occupational
Safety and Health Standards Rules stipulates that hazardous substances emitted from
process safety valves or rupture disks must be properly treated and discharged into the
atmosphere [12,13]. In small and medium-sized chemical plants in South Korea, most
hazardous substances are treated using scrubbers, activated carbon towers, or thermal
storage incinerators depending on the physical and chemical characteristics of the materials.
Unlike in other industries, large amounts of hazardous substances are generated. However,
owing to space constraints or cost issues, treatment facilities are only constructed according
to normal discharge characteristics, and their capacity is not calculated according to the
occurrence of adverse reactions, making it impossible to completely treat dangerous sub-
stances. The design of the scrubbers or activated carbon towers used in these plants is not in
accordance with the Occupational Safety and Health Act and engineering specifications. To
solve this problem, the capacity must be calculated based on the total amount of hazardous
substances emitted during an adverse reaction, but the size of the equipment (scrubber, ac-
tivated carbon tower, or thermal storage incinerator) designed in this way makes it difficult
to install it in local industrial complexes in South Korea, and governmental permission is
impossible because of public complaints [14].

As industrialization progresses in South Korea, fire and explosion accidents, such as
runaway reactions or open pool fires, frequently occur in reactors handling hazardous
materials, and several studies have been performed to prevent these accidents. By con-
ducting and analyzing experiments using thermal risk assessment tests, Lee demonstrated
that a runaway reaction can occur, but they did not suggest preventive measures in the
event of a runaway reaction [15,16]. Han analyzed the maximum temperature increase
rate to identify the risk of a runaway reaction and proposed a measure to automatically
inject a polymerization inhibitor to prevent a runaway reaction. However, in the case
where a runaway reaction occurs despite various measures, no countermeasures were
established [17]. Fujita reported that during acrylic reactions, not only monomers but also
addition dimers generate water and explosions owing to heat. In each accident scenario, the
reaction progress was subdivided into each reaction step to investigate the energy release
and identify the chemical species. However, in the case where a reaction occurs, no specific
treatment measures were provided [18]. Schmidt presented three modules to control run-
away reactions. The first module consisted of a runaway reaction detection method, the
second module was a potential risk assessment method, and the third module consisted
of a countermeasure evaluation method after the runaway reaction began. However, no
plan was provided on how to design the rear end after a runaway reaction occurred and
the rupture disk ruptured [19]. Previous studies identified the risks during reactions, but
they did not provide treatment methods, such as standards for installing safety devices.

In this study, we investigated methods to resolve the risks when discharging hazardous
substances directly into the atmosphere or connecting the reactor to a scrubber or activated
carbon tower in case of emergency discharge of hazardous substances owing to runaway
reaction or open pool fire in small and medium-sized chemical plant. These methods
include the following:
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1. Determination of the emission capacity during runaway reactions and open pool fires
in the polystyrene polymerization process (styrene monomer).

2. Selection of a discharge header size with a Mach number of ≤0.5 and calculation of
the amount of condensation for each climate using a process simulation program (the
Aspen flare system analyzer).

3. Assuming that the smallest amount of condensation for each climate is condensed
in the knockout drum and that uncondensed steam flows into the heat exchanger, a
process simulation program was used to design the steam to be condensed.

Considering the results, we proposed a three-step design plan to completely remove
hazardous substances not only in normal operations but also in abnormal operations.

2. Problem Description and Selection of the Chemical Plant
2.1. Runaway Reaction

Most polymerization processes are exothermic, so care must be taken with polymeriza-
tion reactions. In particular, the polystyrene polymerization process is dangerous because it
is highly likely to proceed to a runaway reaction if temperature control or the initiator input
amount is not appropriate during the additional polymerization reaction of the styrene
monomer [20]. The polystyrene reaction is shown in Figure 1.
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Figure 1. Polystyrene reaction equation.

2.2. Accident Overview and Previous Research

In South Korea, during test operations after regular maintenance at a polystyrene
production plant, a rupture disk ruptured owing to an increase in the pressure owing to a
runaway reaction in the reactor, and a large amount of styrene monomer vapor was ejected.
The cause of the problem was presumed to be a runaway reaction caused by failure in the
temperature control of the reactor owing to the cooling water inside the condenser not
flowing smoothly [21]. In this polymerization process, the heat transfer of the material
is slow. Therefore, if the reaction heat generated during polymerization is not properly
dissipated, local overheating may finally occur. Loss of temperature control is one of the
main reasons why runaway reactions occur [22,23]. Polystyrene is manufactured by the
addition polymerization of the styrene monomer. Polystyrene is essential in our daily lives.
It is a hard plastic widely used in packaging materials, insulation materials, disposable
cups, and kitchen utensils [24,25].

The experimental results of accelerating rate calorimetry of the runaway reaction of
the styrene monomer performed by the Occupational Safety and Health Research Institute
are shown in Figure 2 [26]. An accelerating rate calorimeter is a device that measures the
thermal stability of materials under adiabatic conditions.
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monomer.

Some of the key factors in this process are heat generation, onset temperature, and
changes in temperature and pressure over time. You can measure TMR (time to maximum
rate), etc.

The capacity of the bottle into which the sample was introduced is 10 mL. In case of
an actual accident, proper temperature control was not achieved. Assuming the worst case,
5.5 mL of styrene monomer was put into the bottle, and the experiment was conducted by
setting the experimental conditions for each temperature as follows: temperature range of
30 to 450 ◦C, heat detection sensitivity of 0.02 ◦C/min, and heat step of 5 ◦C.

Based on the experimental results, the maximum temperature rise rate of the styrene
monomer required for the calculation of the runaway reaction is given in Table 1.

Table 1. Maximum temperature rise rate.

Experimental Parameter Result

Maximum temperature rise rate at the saturation
temperature of the reactor design pressure (Ts) 45 K/min (0.75 K/s)

Maximum temperature rise rate at the saturation
temperature of the maximum allowable working

pressure (Tm)
48.7 K/min (0.81 K/s)

2.3. Selection of the Polystyrene Production Plant

To review the safety design criteria, the process conditions must be selected. For the
calculation of the emission capacity, there are cases where the entire factory is affected,
such as an open pool fire, and cases where a single piece of equipment is affected, such
as a runaway reaction. In this study, we applied similar process conditions to those of
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the polystyrene-producing South Korean company where the accident had occurred. The
specifications of the chemical plant and the process conditions are given in Table 2, and
the layout of the factory is shown in Figure 3. Five reactors with an inner diameter of
2000 mm were installed in the same direction, and the separation distance between the
reactors was 300 mm. Five reactors with an inner diameter of 2000 mm were installed in
the same direction, spaced 1000 mm apart, for a total of 10 reactors in operation.

Table 2. Chemical plant and process conditions.

Item Specifications

Reactor size 2000 mm (inner diameter) × 3000 mm
(height) (11.5 m3), 10 reactors

Distance to knockout drum 30,000 (mm)
Reactor design pressure, rupture disk set pressure 3 bar (g)

Maximum allowable working pressure 5 bar (g)
Reactor installation

location Confined

Mass of styrene monomer in the reactor 5600 kg
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3. Results and Discussion
3.1. Determination of Rupture Disk Size When the Runaway Reaction Occurs

A runaway reaction is a typical abnormal reaction in which the temperature and
pressure become abnormally large. When hazardous substances are discharged through
a rupture disk, the two phases are mixed, so the bubbles generated at this time act as
an obstacle to the discharge of the discharged material, resulting in a rupture disk that
is larger than the calculated value for a single-phase gas. The design of this two-phase
flow is based on selecting a larger rupture disk than the typical rupture disk so that the
discharge is smoothly discharged at the set pressure of the rupture disk [27–29]. The
mass of the styrene monomer introduced during the runaway reaction was 5600 kg. From
the results of testing using an acceleration rate calorimeter, the maximum temperature
rise rate at the saturation temperature (476.62 K) of the reactor design pressure ( Ts) was
approximately 45 K/min (0.75 K/s) (Table 1). Additionally, the maximum temperature
rise rate at the saturation temperature (501.36 K) of the maximum allowable working
pressure (Tm) was approximately 48.7 K/min (0.81 K/s). This shows that if the coolant is
not properly supplied, a runaway reaction may occur. Because instantaneous overpressure
occurs during a runaway reaction, the Occupational Safety and Health Act stipulates that a
rupture disk should be installed among the pressure relief devices.

When the runaway reaction occurs and the set pressure is reached, the rupture disk
opens and the pressure momentarily decreases. The pressure of the styrene monomer in
the reactor is instantly reduced and flashing occurs, reaching the saturation temperature
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of the reduced pressure. At this time, the styrene monomer instantaneously evaporates.
The mass flux (GT) can be calculated from the amount of the flashing liquid and the
Clausius–Clapeyron equation.

The definitions of the variables are given in Table 3.

GT =
∆Hv

v f − vg

√
gc

CpTs
(1)

Table 3. Variables for the mass flux calculation.

Variable Definition

GT
Mass flux

(3528.2 kg/m2·s)
∆Hv Heat of evaporation of the fluid (318.2 kJ/kg)

v f g

Change in the specific volume of the flashing liquid/gas
(0.0864 m3/kg)

(0.00143 m3/kg)
Cp Heat capacity of the fluid (2.363 kJ/kg·K)
Ts Absolute saturation temperature of the fluid at the set pressure (476.62 K)
gc Gravitational constant (1 kg/m2·s)

The physicochemical properties for the calculation were identified by process simula-
tion using Aspen plus V12. The mass flux (GT) was calculated to be 3528.2 kg/m2·s.

The exothermic heat release rate is expressed as

q =
1
2

Cv

[(
dT
dt

)
s
+

(
dT
dt

)
m

]
(2)

The definitions of the variables required to calculate the exothermic heat release are
given in Table 4.

Table 4. Variables required to calculate the exothermic heat release rate.

Variable Definition

q Exothermic heat release rate (1.504 kJ/kg·s)

Cv
Liquid heat capacity at constant volume

(1.928 kJ/kg·K)
(dT / dt)s Temperature rise at the set pressure (0.75 K/s)
(dT / dt)m Temperature rise at the maximum allowable working pressure (0.81 K/s)

The exothermic heat release rate calculated using Equation (2) was 1.504 kJ/kg·s.
Based on the mass flux (GT) and heat release rate (q) results, the size of the rupture

disk required during a runaway reaction can be calculated by

A =
m0q

GT

[√
V
m0

∆Hv
Vf g

+
√

Cv∆T
]2 (3)

The definitions of the variables are given in Table 5.

Table 5. Variables required for the rupture disk calculation.

Variable Definition

A Rupture disk area (m2)
M0 Mass of styrene monomer in the reactor (5600 kg)
V Reactor volume (11.5 m3)

∆T Tm − Ts
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Applying the physical properties and process conditions presented above, the size of
the rupture disk was calculated to be 0.028 m2. Thus, the required diameter of the rupture
disk is 0.18 m. The variables required for the calculation are given in Table 5.

Additionally, by multiplying the rupture disk area by the mass flux (GT = 3528.2 kg/m2·s)
and converting the time, the mass of the styrene monomer flowing per hour was determined
to be 355,643 kg/h.

3.2. Determination of Rupture Disk Size When the Runaway Reaction Occurs
(Diagrammatic Method)

The mass of the styrene monomer during the reaction was 5600 kg, and the maxi-
mum temperature rise rate measured by an acceleration calorimeter at the set rupture
disk pressure was 45 K/min. Based on these values, from the nomograph for sizing the
two-phase rupture disk area (Figure 4), the required rupture disk area was approximately
0.018 m2/1000 kg. The mass of the reactant was 5600 kg, so the required rupture disk
area was 0.101 m2. Because the rupture disk area calculated by the diagrammatic method
generally represents a conservative value, the rupture disk area was multiplied by the
correction coefficient of 0.5 [30–32]. Therefore, the rupture disk area was 0.051 m2 (diameter
of 0.253 m).
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Figure 4 shows a graph produced based on the following assumptions: 20% over-
pressure generation; low viscosity; choke flow; and turbulent flow. In addition, there is
the possibility of human error when checking the graph, and it is written conservatively.
Therefore, from the perspective of rupture disk size optimization, it is considered to be
more reasonable to use the method involving calculation through Equation (3) rather than
the method involving calculation through Figure 4.

3.3. Determination of Emission Capacity during an Open Pool Fire

Reactions like polystyrene polymerization reactions handle flammable substances, so
the effects of fire should be considered regardless of whether the batch reactor is indoors
or outdoors, and the design should reflect this in the event of an open pool fire. For the
amount of heat generated during a fire, the following equation is applied if appropriate
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exhaust equipment is available and if the fire-extinguishing equipment can be maintained
for more than 2 h.

Q = 43, 200·F·A′0.82
ws (4)

where F is the environmental factor that blocks heat conduction in the event of an open
pool fire, which is a value between 0 and 1, and A′ws is the total wetted surface area (m2).
If the fire-extinguishing equipment cannot be maintained for more than 2 h, the following
equation is applied:

Q = 70, 900·F·A′0.82
ws (5)

Appropriate drainage equipment can be determined from a subjective rather than an
objective perspective, and, above all, it should be designed to move dangerous substances
to a safe area. According to South Korean law, appropriate fire-extinguishing equipment
only needs to contain sufficient fire-extinguishing water to ensure fire safety for up to
30 min, except in cases where large-scale petrochemical plants or semiconductor companies
operate in a large area and have large fire-extinguishing water-storage tanks. Therefore,
most small and medium-sized chemical plants apply Equation (5).

Owing to the rapid reaction during the runaway reaction, foam-shaped emissions
are discharged through the rupture disk. Therefore, because smooth discharge becomes
difficult, it is recommended to select a rupture disk that is larger than that calculated for
the single-phase gas. When handling flammable substances, the largest emission capacity
is generally an open pool fire. In the case of small and medium-sized chemical plants,
Equation (5) is only used because they have fire-extinguishing water that meets the fire
safety standard (NFSC) for 30 min, which is the minimum standard. Because the reactor
was installed in a confined space (Table 2), according to API Standard 521, the power factor
was calculated to be 1 and the environmental factor (F) was assumed to be 1 consider-
ing the worst conditions. The total wetted surface area (A′

ws) was calculated using the
reactor area and 10% piping area (25.52 m2) in Table 2. By dividing the calculated result
(1,809,368 kcal/h) by the latent heat required for evaporation in the case of an open pool
fire (76 kcal/kg), the required ejection amount of an open pool fire was calculated to be
23,807.5 kg/h. As a result, Equation (5) is modified to

Q =
70, 900·F·A′1

ws
λ

(6)

Once the emission capacity is calculated, the rupture disk area can be calculated by

A =
W

CαP

√
TsZ
M

(7)

From the physical and chemical properties calculated using Aspen plus V12, the
required area of the rupture disk is 0.007232 m2, which indicates a diameter of 0.096 m.
The coefficient (α) according to the rupture disk type varies depending on how the rupture
disk is installed, but 0.68 was applied to provide the most conservative calculation. The
variables required for the calculation are given in Table 6.

In the event of an open pool fire, the discharge capacity is determined based on the
scope of the influence of the fire. In API 521, the calculation is performed based on a height
of ≤ 7.6 m from the center of the ignition source and an area between 230 and 460 m2.
There are a total of 10 reactors in the polystyrene process where the accident occurred. The
inner diameter is 2000 mm and the height is 3000 mm, and the separation distance between
reaction periods is 300 mm horizontally and 1000 mm vertically. Thus, based on a diameter
of 12.2 m of the 460 m2 circle area and a height of 7.6 m, all of the reactors in the chemical
plant are subject to open pool fire [33,34]. Based on this standard, 10 reactors in the chemical
plant are included within the scope of the fire, as shown in Figure 5. Ultimately, if an open
pool fire occurs, the styrene monomer emission capacity is 238,075 kg/h.
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Table 6. Variables required for the mass flux calculation.

Variable Definition

A Rupture disk area (7232 mm2)
W Required capacity (23,807.5 kg/h)
Z Compressibility factor (0.905)
M Molecular weight (104.2 kg/kg mol)

C 3.948

√
k
(

2
k+1

)(k+1)/(k−1)

k = the heat capacity coefficient (1.0683)
α Coefficient depending on the shape of the rupture disk installation nozzle (0.68)
P Rupture disk set pressure (abs) (4.01325 bar)

Ts
Absolute saturation temperature of the fluid

at the set pressure (476.62 K)
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3.4. Selection of the Discharge Header

To safely handle the hazardous substances discharged through a process safety valve
or rupture disk, it is important to select an appropriate discharge header. The amounts of
hazardous substances discharged through the tail pipe and header were selected based on
Table 7.

Table 7. Design criteria for the treatment system headers of the pressure relief devices.

Device Lateral/Tail Pipe Main Header
(If Applicable)

Pop-action, pilot-operated
pressure release valve (PRV) PRV rated capacity Required relieving rate

Modulating Required relieving rate Required relieving rate
Spring-loaded PRV PRV rated capacity Required relieving rate

Rupture disk Required relieving rate Required relieving rate
Buckling pin device Required relieving rate Required relieving rate

The material of the header must be selected so that it has no effect on the fluid
characteristics and so that it is resistant to the temperature changes in summer and winter.
When high-pressure discharge is momentarily discharged to the header through a pressure
release device, noise is generated owing to the turbulent flow resulting from a high pressure
drop. At this time, high-frequency circumferential vibration is generated on the outer wall,
which can cause rapid fatigue failure. To minimize this phenomenon, the Mach number
is designed to be within a certain standard. New factories set the Mach number to ≤ 0.5.
The tail pipe should be connected to the header at an angle of 45◦, if possible, rather than
at an angle of 90◦, to reduce the repulsion force [35]. Even if an appropriate length of the
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header size is calculated, there are many variables that depend on the Mach number, such
as the pipe diameter. The calculation process is very complicated and difficult, so the size is
selected by a header simulation. Since this program has several equations of state, you must
understand the handling process and select an appropriate one. Since the raw material for
producing polystyrene resin is a hydrocarbon material, the Soave–Redlich–Kwong (SRK)
equation of state is applied. It follows the Redlich–Kwong equation of state, which is a
previously announced formula, and it is an improved equation of state because it adds
several improvements and options. Thus, it is suitable for styrene monomers composed of
hydrocarbons due to it improving the volume transformation concept and improving the
phase equilibrium calculation through the selection of the Kabadi–Danner mixing law. In
the case of header piping, there is no problem using regular steel pipes, but as the discharge
header and knockout drum are installed outdoors, there is a risk of corrosion, and since
their soundness must be maintained under any circumstances, the material should be
stainless steel (STS304), which is resistant to corrosion, rather than steel pipe.

If hazardous substances flow inside the header, there is a possibility that condensation
may occur over time and become two-phase due to the influence of external air from pipes
installed outdoors. Therefore, Beggs and Brill equations were applied.

The atmosphere needs to be considered because hazardous substances discharged
through the rupture disk and process safety valve are affected by the atmosphere as they
flow through the header to the treatment facility. Because the temperature difference
between summer and winter in South Korea is large, the size of the pipe header must be
selected taking this into consideration. The highest temperature in summer in the area
where the accident occurred was 37.8 ◦C, the lowest temperature in winter was −21.8 ◦C,
the maximum wind speed was 26.8 m/s, and the average wind speed was 2 m/s. For an
open pool fire, the flow rate was calculated to be 238,075 kg/h. For a runaway reaction, the
flow rate was calculated to be 355,643 kg/h. When determining the size of the main header,
the larger flow rate is considered, which is that of the runaway reaction.

To confirm the degree of condensation, the locations of the reactors where the runaway
reaction occurred were determined to be reactor number 10, the farthest reactor from
the knockout drum, and reactor number 6, the closest reactor to the knockout drum
Additionally, the pressure drop of the heat exchanger to be installed for condensation
was determined to be 0.14 bar. Figure 6 shows that in four cases—(37.8 ◦C, 26.8 m/s),
(37.8 ◦C, 2 m/s), (−21.8 ◦C, 26.8 m/s), (−21.8 ◦C, 2 m/s)—hazardous substances are
released through the rupture disk closest to the exhaust facility. This is a simulation to
determine the amount of condensation when discharged.
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Figure 7 is a simulation to determine the amount of condensation when hazardous
substances are discharged through the rupture disk farthest from the exhaust facility under
the same climatic conditions. As a result, the simulation was performed a total of eight
times, and the results are presented in Table 8.

Fire 2024, 7, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 7. Header simulation for reactor farthest from exhaust facility in four cases [(37.8 °C, 26.8 
m/s), (37.8 °C, 2 m/s), (−21.8 °C, 26.8 m/s), (−21.8 °C, 2 m/s)]. 

Table 8. Simulation results. 

 Max. Temp., 
Max. Wind Speed 

Max. Temp., 
Ave. Wind Speed 

Min. Temp., 
Max. Wind Speed 

Min. Temp., 
Ave. Wind Speed 

Condensation 
rate (%) 

(reactor 10/6) 
71.44%/70.25% 68.0%/67.73% 75.06%/72.92%  68.3%/67.96% 

Condensation 
amount (kg/h) 
(reactor10/6) 

254,070.3 kg/h 
/249,850.2 kg/h 

241,809.5 kg/h/ 
240,885.6 kg/h 

266,937.8 kg/h 
/259,334.8 kg/h 

242,915.2 kg/h/ 
241.693.3 kg/h 

Header size 
(reactor 10/6) 

30 inches  
(0.762 m) 

30 inches (0.762 
m) 

30 inches (0.762 m) 30 inches (0.762 m) 

As a result, the maximum condensation behind the header can be calculated based 
on the maximum wind speed in the winter. Of the total amount of 355,643 kg/h discharged 
during the runaway reaction, 254,070.3 kg/h was condensed. 

3.5. Selection of the Knockout Drum and Heat Exchanger 
While hazardous materials are passing through the header to the treatment facility, 

condensation may occur owing to the influence of the atmosphere. If the header is con-
nected to the treatment facility in this state, not only will droplets flow into the treatment 
facility and will absorption, cleaning, and collection not be able to properly occur, but in 
the case of activated carbon towers, large amounts of dangerous substances, such as flam-
mable liquids, will be adsorbed, which poses the risk of fire or explosion. Therefore, these 
substances must be removed [36]. 

A heat exchanger refers to a device that exchanges the heat of a fluid by bringing it 
into contact with two fluids with different temperatures [37,38]. If dangerous substances 
resulting from a runaway reaction pass through the knockout drum and flow into the 
facility with insufficient processing capacity, a fire or an explosion may occur, so it is de-
sirable to ensure 100% condensation. 

From the knockout drum size based on the results of the header simulation program, 
it was calculated that the amount of liquid accumulated was the greatest at the lowest 
temperature and maximum wind speed in winter. In general, when hazardous substances 
are discharged from a petrochemical plant, the drop constant is calculated based on API 

Figure 7. Header simulation for reactor farthest from exhaust facility in four cases [(37.8 ◦C, 26.8 m/s),
(37.8 ◦C, 2 m/s), (−21.8 ◦C, 26.8 m/s), (−21.8 ◦C, 2 m/s)].

Table 8. Simulation results.

Max. Temp.,
Max. Wind

Speed

Max. Temp.,
Ave. Wind

Speed

Min. Temp.,
Max. Wind

Speed

Min. Temp.,
Ave. Wind

Speed

Condensation
rate (%)

(reactor 10/6)
71.44%/70.25% 68.0%/67.73% 75.06%/72.92% 68.3%/67.96%

Condensation
amount (kg/h)
(reactor10/6)

254,070.3 kg/h
/249,850.2 kg/h

241,809.5 kg/h/
240,885.6 kg/h

266,937.8 kg/h
/259,334.8 kg/h

242,915.2 kg/h/
241.693.3 kg/h

Header size
(reactor 10/6)

30 inches
(0.762 m)

30 inches
(0.762 m)

30 inches
(0.762 m)

30 inches
(0.762 m)

As a result, the maximum condensation behind the header can be calculated based on
the maximum wind speed in the winter. Of the total amount of 355,643 kg/h discharged
during the runaway reaction, 254,070.3 kg/h was condensed.

3.5. Selection of the Knockout Drum and Heat Exchanger

While hazardous materials are passing through the header to the treatment facility,
condensation may occur owing to the influence of the atmosphere. If the header is con-
nected to the treatment facility in this state, not only will droplets flow into the treatment
facility and will absorption, cleaning, and collection not be able to properly occur, but
in the case of activated carbon towers, large amounts of dangerous substances, such as
flammable liquids, will be adsorbed, which poses the risk of fire or explosion. Therefore,
these substances must be removed [36].

A heat exchanger refers to a device that exchanges the heat of a fluid by bringing it
into contact with two fluids with different temperatures [37,38]. If dangerous substances
resulting from a runaway reaction pass through the knockout drum and flow into the
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facility with insufficient processing capacity, a fire or an explosion may occur, so it is
desirable to ensure 100% condensation.

From the knockout drum size based on the results of the header simulation program,
it was calculated that the amount of liquid accumulated was the greatest at the lowest
temperature and maximum wind speed in winter. In general, when hazardous substances
are discharged from a petrochemical plant, the drop constant is calculated based on API
521, and the knockout drum size is calculated accordingly, assuming separation of the gas
and liquid. For a holding time of 5 min, the knockout drum size is 31.8 m3 according to API
521. In reality, a knockout drum of this size cannot be installed in small and medium-sized
factories in South Korea owing to site size issues. Even if large knockout drums are installed,
their size is approximately 10 m3. In this case, the holding time is approximately 1 min and
30 s, so an automatic starting device for the drain pump must be installed according to the
knockout drum level. Additionally, in the event that hazardous substances are released
owing to adverse reactions, it is deemed to be necessary to implement a rapid response to
ensure workplace safety.

From the header simulation program, the most conservative condition for the installa-
tion of the heat exchanger at the rear of the knockout drum is the situation where reactor
number 6 is close to the knockout drum. The maximum temperature in summer is higher
than the maximum temperature in winter, and the external wind speed of 2 m/s cannot
smoothly condense the fluid inside the header, so the heat exchanger installed at the rear
of the knockout drum must take on more load. If the header is directly connected to the
treatment facility without installing a cooling device, such as a heat exchanger, additional
damage may occur owing to fire and air emissions owing to heat accumulation because of
the insufficient capacity of the air purification device, such as an activated carbon tower.
In addition, the South Korea Occupational Safety and Health Standards stipulate that the
hazardous substances emitted from process safety valves must be disposed of by meth-
ods such as combustion, absorption, cleaning, collection, or recovery; and laws, such as
the Chemical Substances Control Act, specify that hazardous substances must be treated
and discharged.

At the highest temperature and average flow rate, the flow entering the heat exchanger
without condensation in the header was 114,757.4 kg/h. This was implemented using
Aspen exchanger design and rating, a heat exchanger simulation program, to determine the
size of the heat exchanger capable of complete condensation. A BEM-type heat exchanger is
frequently used, as the front-end stationary head type corresponding to the head is a cover
type and the shell type E corresponding to the body has an effective structure, has a large
heat transfer effect, and is economical. This is the most widely used heat exchanger form.

The input parameters of the heat exchanger are given in Table 9.

Table 9. Heat exchanger input parameters.

Shell Side Tube Side

Fluid Cooling water Styrene monomer
Fluid quantity (kg/h) Calculated by the program 111,643.9

Allowable pressure drop (bar) 0.5 0.14
Input/output temperature (◦C) 32/37 Vapor fraction 1/0

Fouling resistance
(m2 h ◦C/kcal) 0.00021 0.00021

In the simulation, two 81.4 m2 heat exchangers were connected in parallel to minimize
vibration issues and the pressure drop to fully condense the flow of the styrene monomer
through the header. If the rate of runaway reactions in the workplace is not high and
emergency situations do not frequently occur, the vibration problem can be ignored. The
heat exchanger can then be made more compact.
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It is desirable to design the heat exchanger so that it can completely condense haz-
ardous substances. Another consideration when constructing a heat exchanger is the
constant operation of the cooling water pump. The line speed within the header is over
20 m/s (Table 10), which means that the time it takes to reach the treatment facility after
discharging the hazardous materials is less than 2 s. Therefore, in the case of general small
and medium-sized businesses, not large-scale chemical plants, the cooling water pump
must be operated at all times and connected to an emergency generator or Uninterruptible
Power Supply (UPS) to ensure the cooling performance of the heat exchanger at all times,
and a spare pump must be installed to prepare for all mechanical and electrical failures.

Table 10. Heat exchanger simulation result.

Size: 700–2700 mm Type: BEM Horizontal Connected in 2 parallel 1 series

Surf/unit(eff.) 162.9 m2 Shells/unit 2 Surf/shell (eff.) 81.4 m2

PERFORMANCE OF ONE UNIT

Fluid allocation Shell side Tube side

Fluid name Cooling water Styrene monomer

Fluid quantity, total kg/h 1,829,153 114,757

Vapor (in/out) kg/h 0 0 114,757 0

Liquid kg/h 1,829,153 1,829,153 0 114,757

Noncondensable kg/h 0 0 0 0

Temperature (in/out) ◦C 32 37 151.37 146.42

Bubble/dew point / / 151.4 / 151.4 149.0 / 149.0

Density (Vap/Liq) kg/m3 / 987.3 / 982.4 3.6 / / 785.5

Viscosity cp / 0.786 / 0.711 0.009 / / 0.225

Specific heat kcal/(kg-C) / 1.080 / 1.080 0.389 / / 0.492

Thermal conductivity kcal/(h-m-C) / 0.53 / 0.536 0.016 / / 0.095

Latent heat kcal/kg 83.48 83.8

Pressure (abs) kgf/cm2 4.092 3.631 1.197 1.126

Velocity (Mean/Max) m/s 2.09 / 2.36 21.93 / 43.67

Pressure drop, allow./calc. kgf/cm2 0.51 0.462 0.143 0.07

Fouling resistance (min) m2-h-C/kcal 0.00021 0.00021 0.00025 Ao based

Heat exchanged 9,860,507 kcal/h MTD corrected 114.98 ◦C
Transfer rate,
service 526.5 Dirty 1024 Clean 1949.7 kcal/(h-m2-C)

3.6. Case Study of the Application in a Small–Medium-Sized Chemical Plant in South Korea

After the occurrence of the polystyrene runaway reaction accident, government agen-
cies, such as the South Korea Occupational Safety and Health Agency, studied various
methods to solve the problem in reactors where exothermic reactions occur. However,
it is not possible to place a flare stack in an area where air purification devices, such as
scrubbers and activated carbon, are installed in advance and space is limited. After several
trials and errors, a heat exchanger was installed at the end of the header, leading to the
establishment of a rapid emergency action plan in the case of the discharge of hazardous
substances. Although this method may not be legally appropriate, it is currently judged to
be the best method applicable to small and medium-sized businesses in South Korea. An
example of a chemical plant where this is applied is shown in Figure 8.
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4. Conclusions

Hazardous substances generated during the operation of a chemical plant must be
safely disposed of, but in the case of small and medium-sized chemical plants, hazardous
substances are not completely treated and are discharged into the atmosphere. From
this perspective, this study studied safety design standards for safe handling in case of
the emergency release of hazardous substances. Based on the case of an accident in the
polystyrene polymerization batch reactor process, the maximum amount of hazardous
substances in a runaway reaction was calculated through experiments, and the size of the
header that could smoothly condense them was determined. Afterwards, overall safety
design standards were presented to completely condense hazardous substances that were
not condensed through the knockout drum through a heat exchanger and discharge them
into the atmosphere. Currently, in small and medium-sized chemical plants in Korea, when
hazardous substances are discharged through process safety valves or rupture disks, the
discharge capacity is not accurately calculated, but it is installed to be the same as the header
of the existing factory or is installed to be the same as the largest size of the individual
process safety valve or rupture disk. Moreover, the reality is that it is simply connected to
an environmental treatment facility such as an activated carbon tower or scrubber and is
discharged into the atmosphere without treatment. Applying this method is expected to be
of great help in preventing fires and explosions and improving safety in Korea. Lastly, the
simulation program to set the safety design standards after the experiment can be properly
implemented only when appropriate physical properties are selected according to the
hazardous substance, so it is important to understand the physicochemical characteristics
of the substance.
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