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ABSTRACT

Handling large quantities of thermally unstable compounds in storage vessels can result in severe accidents due
to runaway reactions. Therefore, developing inherently safe design strategies for storage equipment is crucial for
enhancing chemical plant reliability and preventing hazardous scenarios. The Frank-Kamenetskii theory (FKT) of
self-heating offers practical tools for designing procedures to address phenomena that could lead to uncontrolled
chemical reactions. This study introduces a design procedure based on the FKT for creating intrinsically safe
storage vessels. An expanded FKT version incorporating parametric sensitivity analysis has been developed to
improve the method’s reliability. To understand self-heating phenomena, stability and performance diagrams
were created, relating critical design parameters (e.g., the critical value of the Frank-Kamenetskii number) and
verification parameters (e.g., maximum reached dimensionless temperature) to the dimensionless activation
energy (y). Additionally, the proposed design strategy includes a procedure for designing relief systems to
mitigate the risk of equipment explosions from runaway reactions. The applicability of this procedure was tested
using two cases: (I) an aqueous solution containing 50% w/w hydroxylamine (HA) and (II) a 50% w/w HA
aqueous solution with 1% w/w hydroxylamine hydrochloride (HA-derived salt). Results indicate that for large y
values, the traditional FKT formulation and the expanded theory yield similar vessel designs. However, for finite
y values (y < 100), the refined FKT version allows for less conservative storage equipment design. Combining
DIERS guidelines with standard procedures for relief systems results in a more versatile and consistent protocol.
However, incorporating relief systems is often impractical for large storage vessels due to the excessively large
venting areas required for runaway reactions. In such cases, intrinsically safe vessel designs become the only
feasible solution to prevent catastrophic incidents.

Nomenclature (continued)
d Diameters ratio

Agas Gas orifice area (DIERS method) Dyalve Valve diameter under the assumption of circular orifice
Avap Vapour orifice area (DIERS method) DIERS Design Institute for Emergency Relief Systems
APoI[ERS Total orifice (DIERS method) E, Apparent activation energy
Afé‘? Total orifice area (standard method) FKT Frank-Kamenetskii theory of self-hating
ARSST™ Advanced reactive system screening tool H System height
Bi Biot number H/D Aspect ratio
C Fluid flow coefficient HA Hydroxylamine
Cao Initial molar concentration of the reactant A Ky Backpressure coefficient
I Heat capacity per unit moles of the liquid Ke Combination factor coefficient
P . . L. K4 Discharge coefficient
Cp Heat capacity per unit mass of the liquid Kieo Apparent Arrhenius pre-exponential factor
Com Heat capacity per unit moles of water kr Thermal conductivity of the liquid mixture
D System diameter Krw Thermal conductivity of water
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(continued)
Myt Initial reactive mass in the test apparatus
n Apparent reaction order
Ppeak Temporal pressure rate at peak conditions
Ponset Onset pressure
Prelief Relief pressure
PM Molecular weight of mixture
PMgs Molecular weight of gas
PMyap Molecular weight of vapour
PM,, Molecular weight of water
QRA Quantitative risk assessment
Rg Universal gas constant
Rl1y Cro Reaction rate at wall temperature
Ty System radius
S(©;9) Normalized sensitivity of © to the respect of &
T Dimensionless time
Teenter Temperature in the centre of the system
Tmax Maximum system’s temperature
Tonset Onset temperature
Tonset Temporal temperature rate at onset conditions
Trelief Relief temperature
Tretief Temporal temperature rate at relief conditions
Tw Wall temperature
teond Characteristic time for heat conduction
TRA Thermal risk assessment
TsY Thermal screening unit
A System volume
Vi Gas volume in the test apparatus
VMWT Varma, Morbidelli and Wu theory
vsp2m™ Vent size package 2
Waas Gas required relief mass flow rate
Greek symbols
o Void fraction
N Heat of vaporization of the mixture per unit mass
% Dimensionless activation energy
p Liquid mixture density
AH, Molar enthalpy of reaction
Pgas Gas density measured at relief conditions
8 Frank-Kamenetskii number
Pw Water density
Serit Critical Frank-Kamenetskii number
x Main reactant conversion
(€] Dimensionless temperature
Q Dimensionless radial coordinate
Omax Maximum value of the dimensionless temperature

1. Introduction

Exothermic thermal decomposition reactions pose significant con-
cerns due to the potential for runaway reactions (Mocellin et al., 2022).
The Health and Safety Executive reported 189 accidents caused by
runaway reactions between 1962 and 1987 (Barton and Nolan, 1991).
From 1988 to 2013, Saada et al. documented an additional 30 accidents
in the UK, primarily using data from the FACTS database and other
literature sources (Saada et al., 2015). According to the ARIA database,
in the last decade, 14 accidents due to uncontrolled exothermic re-
actions occurred in France (ARIA). In China, from 1984 to 2019, there
were 271 industrial accidents caused by runaway reactions, consistent
with the reported data for the French industry (Zhang et al., 2021;
Dakkoune et al., 2019). In the USA, the CSB database recorded 13 in-
dustrial accidents under the "reactive incident" category from 2000 to
2023 (CSB database). Two notorious industrial accidents related to
runaway reactions are the Bhopal disaster (December 3, 1984) and the
Seveso disaster (July 10, 1976). The Bhopal accident involved an un-
controlled chemical reaction of methyl isocyanate under storage con-
ditions (Yang et al., 2015; Eckerman, 2005), while the Seveso accident
was caused by a runaway reaction inside a chemical reactor due to
system malfunction (Fabiano et al., 2017; Jain et al., 2017). Both in-
cidents had devastating consequences, resulting in thousands of deaths
and the release of toxic substances that caused long-term environmental
and health impacts.

Runaway reactions are typically associated with uncontrolled heat
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management within the system (Andriani et al.,, 2024c). When an
exothermic chemical reaction generates thermal energy, the system’s
temperature will rise if heat is not effectively dissipated from the reac-
tive mixture (Vianello et al., 2018a). The reaction rate of chemical re-
actions depends exponentially on temperature, and the thermal power
generated by a chemical process is a function of the reaction rate and
enthalpy. This creates a feedback loop where an increase in temperature
leads to an increased reaction rate, generating more heat. Once a
runaway loop is triggered, the rapid temperature rise can cause fluid
volatilisation and the formation of gaseous by-products due to addi-
tional unwanted chemical reactions. The generated vapours and gases,
combined with the high temperature, can result in uncontrolled pres-
surisation of the system, potentially leading to explosions and the
release of hazardous substances (Vianello et al., 2016). Fig. 1 graphically
summarises the described runaway positive feedback mechanism.

Therefore, understanding the dynamics of decomposition reactions is
crucial (Deng et al., 2016). Both experimental and numerical approaches
can be adopted to achieve this understanding. Typically, experimental
studies rely on calorimetric analysis (Pio et al., 2021) to quantify
apparent reaction kinetics, thermodynamic properties, and onset and
peak features (Vianello et al., 2018b). The data acquired from these
studies are commonly used for quantitative risk assessment (QRA)
(Juncheng et al., 2020), thermal risk assessment (TRA) (Wang et al.,
2009), reactor design and control (Varma et al., 1999; Strozzi et al.,
1999) or process development (Ozawa, 2000). However, unexpected
hazardous scenarios can also arise during storage due to self-heating
(Guo et al., 2013; Shanley, 1953). Therefore, the ideal approach is to
design storage vessels according to the inherent safety paradigm (Kletz
and Amyotte, 2010), considering the self-heating phenomenon to pre-
vent accidental runaway reactions of the stored material.

From a numerical perspective, the Frank-Kamenetskii theory of self-
heating (FKT) is commonly employed to investigate the behaviour of
spontaneous self-heating phenomena that can potentially lead to haz-
ardous scenarios (Frank-Kamenetskii, 1955). The FKT complements the
Semenov theory of thermal explosion and is based on the hypothesis of a
quiescent fluid contained in a system with negligible wall thermal
resistance, represented by Bi—oco (Boddington et al., 1983). Addition-
ally, the theory assumes y—0 and an almost infinite dimensionless
activation energy, defined asy = E,/R,T,,. The FKT allows for the design
of storage systems to prevent ignition or explosion (Babrauskas, 2003).
For liquids, the assumption of a stored quiescent fluid is legitimate since,
even if temperature gradients can induce natural convection, the
average fluid velocity is practically zero (Campbell, 2015). Additionally,
the vessel design will be conservative because natural convection, even
if minimal, will help dissipate heat (Novozhilov, 2017; Lazarovici et al.,
2005).

Considering a conductive static fluid, assuming Bi—oo can be easily
verified without compromising the modelling outcomes. Moreover, the

Heat generation
rate increase

Thermal power
release

Runaway (positive)
feedback mechanism

Reaction rate
increase

Temperature
increase

Fig. 1. Graphical representation of the positive feedback loop underlying
runaway phenomena.
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hypothesis of y—0 is realistic because the storage vessel must be
designed to prevent the stored material from undergoing a fully devel-
oped decomposition reaction, allowing only negligible consumption due
to collateral effects. However, the assumption that y— oo could lead to
misleading conclusions, as it would only be verified for E;— o or T,— 0.
The former scenario is unphysical, while the latter involves tempera-
tures not achievable in standard industrial practice during conventional
storage. Therefore, it is better to investigate the dependence of the
modelling outcomes on the values of y to avoid misleading conclusions.

To overcome the limitations in the applicability of the Frank-
Kamenetskii theory (FKT), it is recommended to expand the theory by
considering the effect of y on the primary variable involved in the
storage vessel design: the critical value of the Frank-Kamenetskii num-
ber (8¢rit). The 644 is a meta-stable value above which a steady-state
solution for a particular system becomes can not be reached due to
runaway phenomena. The idea is to retrieve the 5. for a series of y
values through a sensitivity analysis (Andriani et al., 2024a).

In this context, the sensitivity analysis is analogous to applying
bifurcation theory to a chemically reactive system (Lengyel and West,
2018). Specifically, the 5. value can be defined as a system meta-stable
parameter above which the system’s behavior shifts from stable to un-
stable. A § — y stability diagram will illustrate the functional dependence
of 5. on 7, showing a safe-to-runaway transition curve. Below this limit
curve, it is possible to identify parameter combinations that allow the
stable storage of the material, whereas, above the curve, parameter
combinations may trigger a runaway scenario. Ultimately, the 6— y
stability diagram can be used to assess, for a particular value of y, the 5
number, enabling a more refined and safe storage vessel design.

Even though inherent safety is fundamental for correct design, pas-
sive and active protective items can be added to the equipment to keep
hazards under control (Kletz, 2003). Specifically, relief devices can help
avoid explosions and reduce potential losses related to runaway re-
actions (Singh, 1994). Since reactors and storage vessels are the most
common equipment in accidents (Ho et al.,, 1998), adequately sized
relief systems are strongly recommended.

In light of these considerations, the present work proposes a repro-
ducible methodology for the intrinsically safe design of storage vessels
containing thermally unstable components. Stability diagrams will be
produced and used to support the design procedure (Pio and Salzano,
2020). To test the reliability of the proposed strategy, the procedure will
be applied to the case of a 50% w/w aqueous solution of hydroxylamine
(HA) and a 50% w/w HA solution containing an additional 1% w/w of
hydroxylamine hydrochloride (HH), which have been experimentally
investigated in previous studies (Andriani et al., 2024d). By comparing
the HA aqueous solution with the HA-derived salt solution, it will be
possible to quantify the effect of salt addition on the thermal stability of
HA.

2. Materials and methods

Fig. 2 outlines the logical workflow of the proposed methodology.

Data acquisition
(kinetic, thermodynamic, onset, peak, and physicochemical data)

| :

| Selection of ambient temperature and vessel geometry

- Section 2.1.

| Sizing of the storage vessel | Section 2.2
I Section 2.2.

Tmax = Teenter < Tonset

]'Section 2:3:

Fig. 2. Logical workflow of the proposed methodology.

| Sizing of the relief system l
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The following sections will elucidate each step presented in Fig. 2. More
specifically, in Section 2.1. The list of data needed for further imple-
mentation of the proposed sizing method of storage vessels and relief
systems, handling liquid materials prone to decomposition reactions, is
reported. Then, in Section 2.2. The methodology for storage vessel sizing
is illustrated, involving the use of the original FKT or information
retrieved from the § — y stability diagram. This diagram improves upon
the FKT by incorporating sensitivity analysis. In Section 2.3, the pro-
cedure for the sizing of the relief system is elucidated. Eventually, in
Section 2.4., the data required to apply the proposed procedure to the
case study of the two mentioned hydroxylamine aqueous solutions will
be provided.

2.1. Data acquisition

As illustrated in Fig. 2, the first step of the proposed methodology is
to acquire the numerical values of the main constitutive variables. The
input data set includes kinetic, thermodynamic, onset, peak, and phys-
icochemical information.

e Kinetic data: Activation energy (E;), pre-exponential factor (ki,),
reaction order (n), and initial concentration (Cao).

e Thermodynamic data: Enthalpy change of the reaction (AH,).

e Onset data: Onset temperature (Tonst), onset temperature rate

(TOI'LSCI)J'
e Peak data: Peak pressure rate (Ppmk).

e Physicochemical data: Heat capacity (E'p), thermal conductivity (kr).

These quantities can be determined experimentally (Vianello et al.,
2015) or obtained from literature correlations. For clarity, the list of
symbols is provided in the Nomenclature Section. For completeness, it is
essential to note that additional data obtainable through calorimetric
screening include the onset pressure and pressure rate, as well as the
maximum temperature, pressure, and pressure rate registered during the
thermal analysis. This supplementary information is crucial for a thor-
ough stability assessment of the decomposing substance under
investigation.

2.2. Sizing of the storage vessel

The governing equation used to size the storage vessel is reported in
Eq. (1) (Restuccia et al., 2017; Andriani et al., 2024b) based on the
definition of the Frank-Kamenetskii number. For this analysis, the
ambient temperature is assumed to be equal to Ty, due to the assump-
tion of negligible thermal resistance of the wall. Three different ambient
temperatures will be considered: 5 °C, 20 °C and 35 °C. The system
geometry is considered as a vertically oriented cylindrical storage vessel.
Consequently, a critical Frank-Kamenetskii number, &, of 2.00 is
assumed, consistent with the original FKT (Balakrishnan and Wake,
1996), and invariant with y. The maximum temperature reached in the
bulk of the storage vessel will be verified to ensure it remains below the
onset temperature (Tons) to avoid decomposition. This verification step
can be performed using Eq. (2) (Chambré, 1952), which is derived from
the definition of the dimensionless in the FKT (Eq. (4)), and the
maximum dimensionless temperature value reached for § = 5. (i.e.,
Omax = In 4).

Serie kr Rg T2,
(—AH;) =%"Tw,c,w E,

_ Seric kr Ry T, o

(—AH,) kyoo exp( - Rf%w) Chy Ea

Tw.crit =

R, T?
Teenter = Tw + % In4 < Tonset (2

a

The volume V of the storage vessel can be calculated while keeping
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the height-to-diameter ratio (H/D) constant. This ratio significantly
depends on the seismic zone where the tank is located (Myers, 1997),
typically ranging from 0.5 to 2.4, or can be adjusted to limit mechanical
integrity issues (Godoy, 2016) and space oppation (Gangloff et al.,
2017). Additionally, a unique value of the coefficient ag can not be
consistently retrieved in the literature (Geyer and Wisuri, 2000) because
it varies depending on the application. Thus, the effect of varying these
two parameters will be considered and discussed.

To determine the dependence of §;; on 7, the dimensionless transient
heat balance equation for a conductive quiescent fluid, under the
assumption of negligible conversion, must be considered. By performing
a sensitivity analysis, the §. related to a specific y can be found as the
characteristic value that maximises the normalized sensitivity S(®; ) at
the centre of the system (i.e., Q = 0) at steady-state (i.e., .7 — ). The
results of the sensitivity analysis can be presented in a §— y stability
diagram, highlighting the functional dependence of 5. on y with a safe-
to-runaway transition curve. For each § > &, the system exhibits un-
stable behaviour due to the onset of a runaway condition triggered by
uncontrollable self-heating, making a steady state unreachable. For § <
Scrit, the system can operate safely, reaching a stable, steady state. To
ensure that Teenter < Tonset, the Opmgy value will be reported for each &
value. Table 1 summarises the various equilibrium characteristics,
operational regimes and temperature check requirement for different §
values. It is important to note that the obtained parameters map will
generally apply to any reactive system for which a storage vessel is being
designed.

2.3. Constitutive model

In Eq. (3), the transient heat balance equation is used to determine
the 6 — y stability diagram for a quiescent conductive fluid undergoing a
negligible conversion decomposition reaction. This equation in-
corporates various dimensionless parameters, including 0, y, .7, § and
Q. Due to the idealised cylindrical symmetry of the system, the spatial
dependency of © is considered mono-dimensional, dependent only on
Q =r/r,. The meanings of these dimensionless parameters are detailed
in Egs. (4)-(7). Additionally, .7~ depends on t,,,4, defined as the ratio
between the square radius of the system r2 and the heat diffusivity a =

kr /pa'p, as shown in Eq. (8). The sensitivity equation involved in the
analysis is presented in Eq. (9). The expression for the sensitivity of ®
with respect to § is given in Eq. (10), and the expression of S(®;4) is
provided in Eq. (11).

0 e 1 90 e}

af/‘:ﬁ-'_ﬁ a—g—i-&exp(m) 3)
o=y g " @
7= Rf;"w ®)
o= W ®)
Table 1

Equilibrium characteristics, operational regimes, and temperature check re-
quirements as functions of different Frank-Kamenetskii number values.

Thermal equilibrium Regime Check on Teenter
8 < Oerit Stable Safe Not required
6= Metastable Transitional Not required
Serit
& > Ocrie Unstable Runaway Required
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S(e;a):g‘;—? an

2.4. Relief system sizing

The first step of the relief device sizing procedure involves deter-
mining the orifice size and the flow rate of the discharged stream. For
runaway gasses and vapour venting, it is recommended to follow the
technique developed by the Design Institute for Emergency Relief Sys-
tems (DIERS) (Green and Southard, 2019). DIERS, under the auspice of
AIChE, has significantly advanced the understanding of venting tech-
nology, especially for runaway reactions (Fisher et al., 1992). Applying
the DIERS procedure for relief system design in the presence of a
runaway reaction is also strongly recommended by API 521 (ANSI/API,
2007; API 2000; API, 1998). The design equations are reported in Egs.
(12) and (13). This work obtained information for implementing the
method equations from a TSY calorimeter instead of an ARSST™
coupled with a VSP2™, Corrections for the effects of cell instrument
thermal inertia and heating rate of the oven were included to avoid
inaccuracies and ensure data accuracy.

W[ot _ Wvup + Wg _ V(l - Otolp ap Trelief + V(l — 0o )/7 V;S;P Peakpgas
A mtotp relief

12

V(l — Qo )/)E‘p Trelief (RgTrelief> 03
0~61Kdﬂprelief PMvap
V(- ao)pngpreak( PMy, )O'S
0~61Kdmmtp relief RgTrelief

ADIERS :Avap +Agas —

tot

13

Egs. (12) and (13) assume a two-phase vapour and gas flow, repre-
senting a hybrid venting system. The vapour phase forms due to the
tempering of the reaction via the vaporization of the liquid phase, while
the gaseous phase results from the decomposition of unstable materials.
To test the reliability of the proposed sizing procedure, it will be
compared to standard safety relief valve (SRV) design methods
(Emerson, 2012; Hellemans, 2009). Traditional algorithms require the
total mass flow rate Wy, to be known in advance, and specific correla-
tions for runaway reactions are typically absent. The strength of the
proposed methodology lies in its detailed consideration of valve func-
tionalities, incorporating two additional coefficients apart from Kj: the
backpressure correction factor for gasses and the K, combination factor
for installations with a rupture disc upstream of the valve. The design
equation is presented in Eq. (14), assuming churn turbulent flow with an
associated coefficient C = 3.5 ¢ 1073, All quantities must be expressed in
SI units, and relief conditions are supposed to be equal to the onset
conditions.

std 3600 Ww[ TreliefZ

= 14
ot 239 10*5P,eliedeKbKC PM ( )

2.5. Case study

The acquisition of the main physical and chemical data represents
the primary input of the procedure schematically shown in Fig. 2. The
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kinetic (Eq, kko, 11, Cao), thermodynamic (AH,), onset (Tonset; Tonser) and
peak (Ppmk) data for 50 %w aqueous solution of HA and 50 %w of HA
added with 1 %w of HH were retrieved from the work of (Andriani et al.,
2024d). The dataset has been corrected to account for the thermal
inertia of the instrument cell and the effect of the oven heating rate. The
numerical values are reported in Table 2. The remaining physical

properties can be calculated via established correlations. The E‘p has
been determined following the methodology reported in the literature
(Andriani et al., 2024d). For kr, the Predvoditelev correlation (Ozbek
and Phillips, 1980) has been adopted (Eq. (15)).

G [\ /M 3
ky =kry="- *) (7) (15)
AV PM

3. Results and discussions

This section first illustrates the § — y stability diagram (Section 3.1.).
Then, Section 3.2. presents and critically discusses the outcomes of the
sizing of the storage vessels. Finally, Section 3.3. elucidates and com-
ments on the results obtained from implementing the relief system
sizing, as detailed in Section 2.3.

3.1. & — y stability diagram

The § — y stability diagram has been determined following the pro-
cedure outlined in Section 2.2. The resulting parameter map is generally
applicable to the design of any cylindrical storage vessel handling liq-
uids prone to decomposition reactions, which can trigger self-heating
phenomena, potentially leading to runaway conditions. Before discus-
sing how to apply this information to design inherent safe storage ves-
sels, the parameter map is presented in Fig. 3.

As observed in Fig. 3, the 54 value depends on the specific value of y.
An interesting feature of this trend is that as y increases, . asymp-
totically approaches the value predicted by Frank-Kamenetskii under
the approximation of y—oo (i.e., §cir = 2). This agreement between the
results from the original FKT and those obtained in this work using an
expanded FKT coupled with the VMWT serves as an initial validation of
the modelling outcomes. From a practical perspective, knowing the
exact value of y in advance allows for a more reliable design of storage
vessels, as it enables the use of a less approximated & value. Indeed, for
low y values, the actual 6. value deviates significantly from the
asymptotic one, highlighting the importance of accurate parameter
determination for effective vessel design.

To deeply understand the behaviour of a system modelled with the
proposed expanded version of the FKT, it is worth analysing how @y
varies with y for § = 6+ and for § = 2. This analysis emphasizes the
consequences of selecting different 5., values during the design phase.
The O can be used to retrieve the Ty, value, which is crucial for
verifying the onset temperature, as detailed in Section 2.2. Ensuring
Tmax < Tonser indicates that the system has been designed to minimise the
risk of runaway conditions triggered by the thermal decomposition of
the stored material.

Examining the trend in Fig. 4, we observe excellent agreement be-
tween the outcomes of the proposed expanded FKT and its original
version. As y increases, the @, values determined for both § = &, and
& = 2 asymptotically approach the value predicted by the original FKT
(i.e., Omax = In 4). Designing a storage vessel with a constant ¢y = 2,
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Fig. 3. 6 —y stability diagram. The red curve represents the safe-to-runaway
transition boundaries, with the safe region below the curve and the runaway
region above it. The dotted line indicates the asymptotic value of the Frank-
Kamenetskii number, as determined by the original version of the self-heating
theory. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

ar —— O @ safe to runaway transition curve
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Fig. 4. Trend of the @, as a function of y. The red curve shows the trend of
Omax determined for 6 related to the safe-to-runaway transition boundary. The
black curve shows the trend of @, determined for § = 2. The dotted line
represents the asymptotic value of @mq, as determined by tge original FKT. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

regardless of y, results in a more conservative system at lower y values.
The difference between & values obtained with the expanded and
original FKT increases as y decreases, causing the difference between
Omax values for § = 544 and 6§ = 2 to follow the same trend. As the dis-
tance between &, and the constant value of 2 imposed by the FKT de-
creases, the system becomes more stable, reducing the magnitude of the
self-heating phenomenon. Consequently, the achievable ©,,,, decreases.
Using a refined & value allows for designing a less conservative system
compared to one designed with the constant value of &y from the
original FKT. This less conservative system can be envisioned with a

Table 2
Required variables for method implementation.
E, kkeo n Cao Aﬁr Tonset Ppeak Tomet
kJ mol ! st - kmol m—3 kJ mol K Pas! Ks!
50 %wHA 103 9.33.10° 1 16.56 -79.8 393.15 6.85-10* 6.26:1073
50 %wHA+1 %wHH 117 6.51-10"° 1 17.82 -78.1 392.15 6.85-10* 6.90-1073
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larger vessel critical diameter, according to Eq. (2), still avoiding the
onset of runaway conditions. A storage tank with a larger critical
diameter can handle more reactive chemicals safely, given a constant
aspect ratio. However, for tanks designed with the refined 6., value,
checking T eneer becomes more critical because the extent of the self-
heating phenomenon will increase, as shown by the trend in Fig. 4.
Using a refined 4 value necessitates verifying Tmax < Tonser With the
appropriate O, value to avoid potential runaway conditions. If the
condition Tpe < Tonsee is not satisfied, the adopted § value must be
decreased for a specific y to ensure safe and reliable storage. A practical
application of the § — y stability diagram and the ©,,q— & diagram will
be presented in Section 3.2.

3.2. Sizing of the storage vessel

As described in Section 2.2, three atmospheric temperatures were
considered: 5 °C, 20 °C and 35 °C. For clarity, the atmospheric, external,
and internal vessel wall temperatures are identical due to the assump-
tion of Bi—oco and negligible thermal resistance of the equipment wall.
Consequently, any change in atmospheric temperature will result in
corresponding changes in the external and internal temperature walls.
Tanks vessel has been calculated and is reported in Table 3. For com-
parison, the . and O, values have been obtained from both the
original and expanded FKT models.

As observed in Table 3, the external temperature significantly affects
the critical radius of the system. The characteristic size of the vessel
decreases markedly as the input temperature increases. This trend is
consistent with the outcomes derived from the original and expanded
versions of the FKT. To ensure the most reliable protection for a hypo-
thetical plant, retrieving temperature distribution data over time and
using the maximum recorded value as the representative design
parameter is crucial. Further considerations regarding relief system
sizing (Section 3.3.) will be addressed for a storage vessel designed for
the highest temperature (35 °C). Using an average temperature between
reference values for hypothetical winter and summer seasons (5 °C and
35 °C) could lead to misleading conclusions. Importantly, all systems
reach a bulk temperature far below the onset temperature, regardless of
the modelling theory used. This observation confirms the robustness of
the adopted procedure, as both versions of the FKT predict that the
maximum temperature in the centre of the tank at steady state is the
highest temperature the system can reach. Ensuring that this maximum
temperature is well below the onset temperature guarantees that
runaway conditions induced by self-heating phenomena related to the
thermal decomposition of the stored material are avoided. Additionally,
given the intrinsic conservatism of the FKT, which neglects any heat
dissipation due to natural convection or primary reactant consumption,

Table 3
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the actual bulk steady-state temperature will likely be even lower than
the determined value, further enhancing safety.

Comparing the results obtained with the original and expanded FKT
reveals significant insights, particularly regarding the . values. In the
considered y interval, ranging from approximately 40 to 51, the
differs by approximately 2.5% compared to the characteristic value of
2.00 predicted by the original FKT for cylindrical geometry. The design
outcomes would differ significantly for y < 10, where the difference
between the predicted &+ would be approximately 15% or greater.
However, for the considered y interval, storage vessels can be designed
using either theory without compromising the quality of the results.
Moreover, designing storage equipment with 6. = 2, regardless of the y
value, results in a system with a lower Teqr value than predicted by the
original FKT, enhancing safety and reliability by increasing the margin
between the maximum reachable and onset temperatures. If the storage
vessel is designed using the more refined &;; value from the expanded
FKT, the maximum allowable system size would be slightly larger than
predicted by the original FKT, with a negligible difference in Tenter-

An Interesting conclusion from the analysis is the differing stability
of the two mixtures considered. The solution containing 50% w/w HA
and 1% w/w HH is significantly more stable than the 50% w/w HA
solution. This is evident from the r,, . values obtained with both for-
mulations for the same T, and geometry. The critical vessel size is
almost seven times larger for the solution containing the HA-derived salt
than for the one with only HA. The physicochemical properties of the
materials can explain this discrepancy. Adding 1% w/w HH increases
the activation energy (E;) and decreases the enthalpy change (AH,). The
higher E, reduces the likelihood of the decomposition reaction by
increasing the energy barrier needed for thermal degradation. The lower
AH, mitigates the severity of the thermal decomposition, reducing the
self-heating of the system. Therefore, with a 50% w/w HA solution
containing 1% w/w HH, it is possible to design storage vessels with
higher capacity without triggering any self-heating phenomena that
could lead to a runaway reaction.

3.3. Sizing of the relief system

For the relief device sizing, a K4 value of 0.975, typical for gas and
vapours venting (Crowl and Tipler, 2013), has been adopted. Addi-
tionally, a negligible effect of backpressure is assumed (K = 1), and no
rupture disk is placed before the relief valve (K, = 1). The corrective
factor for backpressure K, has been assumed based on a conventional
relief valve design (Crowl and Tipler, 2013). For other pressure relief
systems, the backpressure and the corresponding K, value must be
quantified (Liptak, 2003). No rupture disk is considered upstream of the
relief valve because it is assumed that the stored fluids are not fouling,

Output of the storage vessel design method using both the original and the expanded FKT for an aqueous solution of 50 % w/w of HA, and for a 50 % w/w aqueous

solution of HA with 1 % w/w of HH, respectively.

50 % w/w HA

Original FKT Expanded FKT
Tw Tw crit Teenter 4 Serit Omaxls,, Omax|s—2 Twcrit Teenter|s,., Teenter|5-2
K] [m] K [-] L1 [-] [-] (m)] K] K]
278.15 2.93 286.8 44.50 2.045 1.454 1.147 3.20 287.2 285.3
293.15 1.03 302.8 42.23 2.054 1.462 1.140 1.08 303.3 301.1
308.15 0.40 318.8 40.17 2.057 1.462 1.135 0.41 319.4 316.9

50 % w/w HA+1 % w/w HH

Original FKT Expanded FKT

Tw Tw.crit Teenter 14 Serit Omax| Serie Omax|s_o Tw.crit Teenter |0}m Teenter|5-2
K] [m] K [-] L1 [-1 [-1 (m)] K] K]

278.15 22.65 285.8 50.72 2.044 1.446 1.157 24.65 286.1 284.5
293.15 6.79 301.6 48.12 2.047 1.449 1.152 7.10 302.0 300.2
308.15 2.29 317.5 45.78 2.049 1.452 1.147 2.32 317.9 315.9
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eliminating the need for a seal between the equipment and the relief
valve (Hellemans, 2009). During the experimental campaign, a gas
volume (Vygszesr) Of 8.9 ¢ 1076 m® and a total mass my = 1.21073 kg
were used. The relief pressure (Pr.;r) was set at 1.25 times the operating
pressure (Py,), with Py, = Pyy, assuming an atmospheric storage tank
(Ennis, 2006). The temperature increase rate at relief conditions (Treh-ef)
was conservatively taken as Tonset, and the relief temperature (Treer) Was
considered to be Teeneer, representing the most critical temperature when
the system deviates from standard operating conditions.

Fig. 6 shows the outcome of the relief system sizing using DIERS and
standard procedures for a storage vessel designed based on the original
FKT with T,, = 308.15 K. In contrast, Fig. 5 implements the expanded
version of the FKT, considering Treiief = Tcenter| St and T,, = 308.15K.
The results present the diameter ratio (d = D,q./D) as a function of the
aspect ratio (H/D) for various void fraction values, ranging from 0.1 to
0.4. The behaviour of the considered HA aqueous solutions (i.e., HA 50%
w/w and HA 50% w/w + HH 1% w/w) was also evaluated.

Figs. 5 and 6 show a comparison between the DIERS and standard
methodologies for sizing relief devices for both considered HA aqueous
solutions and versions of the FKT. The standard method is slightly more
conservative than the DIERS in all the cases. If backpressure effects and
the presence of relief devices in series are considered, resulting in K, and
K. coefficients lower than 1, the deviation between the two sizing
strategies will further increase. Therefore, the standard algorithm
should be preferred for relief device sizing, coupled with DIERS for
determining the total mass flow rate (Weor)-

The analysis of the dependence of the diameter ratio (d = D,qy./ D)
on the respect ratio (H/D) highlights the connection between vessel
geometry and relief device size. For a fixed value of D, a higher H/ D
ratio means a higher volume (V) and, consequently, a larger amount of
stored mass. The greater the quantity of the mixture in the vessel, the
more material can undergo thermal degradation, necessitating a larger
relief device to vent all the generated gases and vapours during a
runaway reaction. Higher H/D ratios can be advantageous in vertical
storage tanks, optimising the use of the storage vessel footprint. By
keeping D constant and increasing H, the available storage volume can
be increased without altering the base area, impacting the plant layout.
The higher liquid level must also be considered during relief device
sizing to avoid underestimating the required orifice. It is essential to
note that the literature does not provide a reference value to assess the
maximum safe tank filling ratio. Central norms like API 2350
(ANSI/API, 2020; AS 1940:2017 (AS, 2017) define various liquid
heights for safe storage but leave the critical high-level selection to the
designer. The critical high level is the highest liquid level in the tank
without detrimental impacts, typically not exceeding 95% of this level
for the maximum working level.

From Figs. 5 and 6, it is evident that the lower the aq (i.e., the higher
the liquid level), the higher the d value for a fixed H/ D. Both the aspect
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and the filling ratio must be carefully assessed during the design phase to
reliably meet production and operational constraints. A filling ratio
corresponding to the critical high liquid level must be chosen to avoid
undersizing the relief systems. Figs. 5 and 6 also show that the trend of d
versus H/D is consistent for the same HA aqueous solution (i.e., 50% w/
w HA or 50% w/w HA added with 1% w/w HH) regardless of the FKT
version used. This consistency is because both versions predict almost
the same value of 1y, iy and Teeneer for the considered y value.

Another significant observation from Figs. 5 and 6 is the impact of
larger storage tanks on the relief system. According to Egs. (12)-(14),
there is a linear relationship between V, Wi and the orifice area.
Although the mixture containing 1% w/w HH is more stable and can be
handled safely in larger equipment, the increased storage volume pre-
sents a significant drawback. A larger V means more stored material and,
consequently, a higher flow rate of decomposition products to the vent,
necessitating a more substantial overpressure relief system. For large
H/D values, especially for the 50% w/w HA added with 1% w/w HH
solution, the relief system may have oversized orifice areas that are
impractical to implement. This scenario is noted by (Lees, 2012), who
states that the vent area can be so large that it cannot fit on some vessels,
particularly when chemical reactions occur inside the system. In such
cases, pressure relief systems are not a practical option, underscoring the
need for intrinsically safe design processes and equipment to enhance
industrial plant reliability and mitigate risks associated with large
storage vessels.

4. Conclusions

Storage vessels are critical industrial equipment, often containing
large quantities of materials. Ensuring the safety of these stored mate-
rials is essential during the design process (Bassani et al., 2023), espe-
cially for thermally unstable compounds. This work presents a
methodology to determine the size of an intrinsically safe system
capable of preventing runaway conditions triggered by exothermic
decomposition reactions. A stability diagram was developed by selecting
key design variables to saturate the system’s degrees of freedom and
verify the consistency of numerical results. Additionally, active protec-
tion measures such as relief systems can be implemented to vent gaseous
and vapour decomposition products, further enhancing plant safety.

The proposed methodology was tested on two unstable mixtures:
aqueous solutions of 50% w/w HA and 50% w/w HA with 1% w/w HH.
Preliminary screening indicated that the solution containing 50% w/w
HA with 1% w/w HH exhibited a lower thermal degradation tendency
than the solution with only 50 % w/w HA. Due to the higher stability of
the 50% w/w HA + 1% w/w HH mixture, results showed the possibility
of designing a storage vessel with a larger characteristic dimension (i.e.,
vessel radius) compared to the 50% w/w HA solution while still
avoiding runaway phenomena induced by self-heating. Thus, adding 1
%w HH to a 50 %w HA aqueous solution not only enhances the reli-

a=0.1 ]
HA 50%w a=02 0.45 HA 50%w + HH 1%w
0.175F oo
=3 04
=04
0.15 035+ §
< o
0.125) 03
025+ |
0.1
02+ 8
0075 C L 015 1 1 1 x 1
0.5 1 1.5 2 25 0.5 1 1.5 2 25
H/D [-] H/D [-]

— DIERS methodology  ---

standard methodology

Fig. 5. Relief devices sizing outcomes using the expanded FKT for various filling ratios.
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Fig. 6. Relief devices sizing outcomes using the original FKT for various filling ratios.

ability of the chemical plant by reducing the probability and severity of
potential decomposition reactions but also allows for larger storage
vessels without compromising process safety. The presented procedure
employs a § — y stability diagram coupled with a ®mq, — y map as ver-
satile tools for designing cylindrical storage vessels handling hazardous
materials prone to thermal degradation.

Ultimately, the design of relief systems must be approached critically
and carefully in industrial settings where runaway conditions can occur.
This highlights the importance of intrinsically safe design for storage
equipment, demonstrating that active protection measures may not be
feasible in some cases when large quantities of chemicals and severe side
phenomena are involved.
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