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Abstract

This project focuses on the potential application of Computational Fluid Dynamics in or-
der to develop a detailed model of a vessel under fire. The objective of this is to be able
to size in the most accurate way possible the pressure safety valve required to protect the
vessel in such a scenario. This project is divided into two parts. The first one focuses on
the applicability of the API 521 standard to determine under what conditions a PSV offers
increased survivability to fully gaseous vessels under fire, by performing a transient ther-
momechanical response analysis which aims to predict accurately vessel rupture times. The
second part has the objective of developing a CFD-based model to accurately size a PSV for
a fire scenario designed on the basis of the knowledge gathered from the first part of the
project. Additionally, the results have been compared to those that would be obtained by
the application of the Stefan-Boltzmann Fire Equation, in order to assess whether the devel-
oped model offers advantages over a more conventional approach. The report contains all
the background knowledge required for a full understanding of the problem, a discussion
of the obtained results and the conclusions drawn from these. Finally, a few improvements
are proposed for further development of this project.
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1. Introduction

In the late years, safety is increasingly becoming a priority aspect across all industries. As

a matter of fact, through the implementation of accurate plans of prevention and mitigation

along with the de�nition of an internal health and safety culture, the number of incidents in

the �eld, as well as the related costs due to facility downtime, have been steadily decreasing.

The following section aims to provide the reader with a background of general knowledge

regarding the main topics on which this project revolves around.

1.1 Initiating Problem

The context of this thesis is located among the lines developed above, aiming to increase

the safety of processes involving pressure vessels in the oil and gas industry.

The purposes of this project can be summarized best in the following question:

Can the �re scenarios in which a pressure safety valve offers actual protection for gaseous

vessels be identi�ed and, if so, can a method be developed that sizes the valve in the most

accurate way possible?

By answering this question, the authors intend to gain a better understanding of the

mechanisms involved in sizing pressure safety valves so as to increase the accuracy of the

sizing procedures, achieving more realistic sizes that reduce capital cost, maintenance and

overall complexity, ensuring in this way a safer operation.

1.2 Process Safety Design

Process safety is the part of the process design of a plant which considers the risks and

hazards during its operational time and how to make it the safest possible. It is divided and

organized as shown below [1]:

1. Process equipment: safe equipment is chosen.

2. Control : basic process control systems are designed, such as process alarms and oper-

ating procedures.

3. Prevention : safety critical process alarms and safety instrumental systems are added

to the basic ones.

4. Mitigation : pressurized equipment is provided with pressure relief devices such as

pressure safety valves and rupture disks.
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5. Physical barriers : �rewalls and dikes are built into the structure.

6. Fire and gas systems: deluge systems, �re sprinkles and gas detectors are installed.

7. Plant emergency response: includes the plan to follow in case of emergency.

8. Community emergency response : consists of the education and organization of an

emergency team which is able to manage the actuation of the emergency plan and of

the �rst-aid medical operations.

The objective is to control, detect, prevent, mitigate and respond to any hazards such

as:

� Release of �ammable material

� Release of toxic material

� Release of energy

1.3 Offshore Fire Hazard Typology

After dramatic events such as Piper Alpha and Deepwater Horizon, it became clear how

�re represents a serious risk in the oil and gas industry due to the large amount of �ammable

material available on site. Highly �ammable and pressurized �uids are being dealt with

during production, and the presence of a leak from a pipe or a faulty connection along with

a source of ignition could potentially create a �re which might escalate to explosions. This

may further complicate the situation, posing a serious hazard to personnel on board as well

as translating into very signi�cant costs as a result of the destruction of equipment and

structures, even leading to a complete loss of the facility. Two types of �res stand out as

the most common: pool and jet �res. An example of these is shown in Figures 1.1 and 1.2,

respectively.

A pool �re is caused by the spilling of �ammable material, such a hydrocarbon liquid,

which forms a so-called "pool" on a surface. The size and characteristics of the �ame will

be dependent on the quantity of fuel available, the size of the pool, the stoichiometric ratio

between fuel and air (as oxidizer) and the burning rate of the fuel. The heat �ux which is

generated is around 150kW/ m2 [2], which is signi�cantly lower than the one for a jet �re.
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Figure 1.1: An example of developed pool �re [3].

A jet �re can be de�ned as a highly turbulent �ame which is generated by the pres-

surized release of a fuel that can be either gaseous, liquid or both, characterized by a high

momentum towards a particular direction. The heat �ux is estimated as 350 kW/ m2 [2]. As

the pool �re, also the jet �re's �ame is dependent on the amount of fuel and air combusting,

more precisely on the fuel-oxidizer stoichiometric ratio.

Figure 1.2: An example of developed jet �re in a re�nery accident [4]

.
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1.4 Effect of Fire on Pressure Vessels

A vessel subjected to �re is likely to rupture as a combination of two factors: the pres-

sure increase of the inventory (mechanical stress) due to the high temperatures, along with

the thermal stress to which the shell's material is subject to that weakens its resistance. The

physics involved to describe the behaviour of the system are based on heat and mass transfer

phenomena. With the �ame as the heat source, heat transfer between it and the outer wall

of the vessel takes place in the form of convection and radiation, followed by conduction

across the shell. Figure 1.3 shows a sketch this system:

Figure 1.3: A sketch of the physical phenomena involved when a vessel is under �re.

Where,

� �Qconv : convective heat �ow ( J/s)

� �Qfconv : forced convective heat �ow ( J/s)

� �Qcond : conductive heat �ow ( J/s)

� �Qrad : radiating heat �ow ( J/s)

� �mc : condensing �ow rate ( kg/h)

� �me : evaporating �ow rate ( kg/h)

� �mrlf : relief �ow rate ( kg/h)

� V : vapor phase

� L : liquid phase
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Inside the vessel, heat is transferred to the inventory, in vapour-liquid equilibrium state

(VLE), by means of natural convection and radiation. While the vessel is heating up, as

the liquid in contact with the inner shell reaches the boiling temperature, evaporation will

occur. The heated liquid will tend to move upwards, by buoyancy force, to the vapour

liquid interface where mass transfer (evaporation and condensation at a much lower rate)

and convection between the two saturated phases take place. The evaporation of the liq-

uid inventory causes the liquid level to decrease and the pressure, due the added gas mass

as well as its thermal expansion, to increase. Forced convection should also be taken into

account once the relief device opens as sudden �ow is generated in the gas phase. As ex-

plained before, rupture occurs not only because of a mechanical stress but also because of

the thermal weakening of the material. As the material gets closer to its melting point, its

capacity to withstand the pressure exerted by the expanding gaseous inventory decreases,

allowing the possibility of a slow initial deformation of the shell's wall at the end of which

a �ssure can appear. The formation of a �ssure would cause the depressurization of the

vessel's inventory and if its conditions are near the saturation point of the liquid, a sudden

�ash evaporation would take place, causing a boiling liquid evaporating vapour explosion

(BLEVE), as depicted in Figure 1.4. This consists in a rapid evaporation of the liquid and a

fast increase in pressure of the gaseous inventory, able to enlarge the already existing �ssure

and cause an explosion if the material stored in the vessel is �ammable.

Figure 1.4: An example of a BLEVE of a vessel [5].

1.5 Pressure Safety Valves

A pressure safety valve (PSV) is a piece of equipment which is required, by safety stan-

dards, to be installed on pressurized systems such as storage vessels or separators. In case

of equipment failure, process upset or �re, there might be a relatively rapid increase of the
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pressure of the compressible phase in the inventory above the design pressure of the vessel,

leading to a potential explosion. In this case, once the set pressure of the valve (for partial or

full opening) is reached, the valve opens, maintaining the pressure inside the vessel stable

at the set opening pressure of the valve. The working principle is simple: usually the valve

is spring loaded, which means that when the pressure exerted by the expanding gas over-

whelms the opposite force of the spring, the valve will rapidly open and successively close,

once the pressure has decreased again below the opening pressure of the valve. Figure 1.5

shows the trend for the plotted pressure where, after an initial build up, it becomes steady

at the set opening pressure of the valve.

Figure 1.5: The plotted trend of the pressure inside the vessel. The pressure increases
until it reaches the opening set pressure of the valve. Once the valve reliefs the �uid

the pressure is maintained constant.

Depending on whether the inventory is �ammable, toxic or harmless, the discharged

gaseous �ow is redirected to a �are, an alternative facility or released in open air. Figure 1.6

shows a picture of the body and a sketch of the cross-section of a pressure safety valve.
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Figure 1.6: The body and the cross-section of a spring loaded pressure safety valve
[6].
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2. Problem Analysis

2.1 API 521 Recommended Practice

API 521 is a recommended practice (RP) from the American Petroleum Institute (API)

and is, as of today, applied worldwide in re�neries and related industries as well as in the

oil and gas production industry. Its aim is to size and select the correct relief devices for the

protection of pressurized equipment containing gaseous inventories with an operating pres-

sure equal or greater than 1 bargagainst operating and �re contingencies. This RP provides

"basic de�nitions and information about the operating characteristics and applicability of

different relief devices together with sizing procedures and methods based on steady state

�ow of Newtonian �uids" [7].

2.1.1 Relief Load Equation

In case of a �re scenario, the expected relief load can be calculated from API 521. The equa-

tion has been rearranged from the effective discharge area sizing equation of API 520 Part I,

solving for the relief load and derived by substituting the terms from Equation 2.1 and 2.3

into Equation 2.4.

F0 =
0.1406
C � Kd

� (
(Tw � T1)1.25

T0.6506
1

) (2.1)

C = 520�

s

kr �
� 2

kr + 1

� kr + 1
kr � 1

(2.2)

A =
F0� A0
p

P1
(2.3)

W = 0.1406�
p

M � P1 � (
A0� (Tw � T1)1.25

T1.1506
1

) (2.4)

With,

� F': calculated parameter

� A: valve's ori�ce area ( in2)

� C: �re case factor coef�cient

� kd: effective coef�cient of discharge

� kr : ideal Cp/ Cv ratio
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� Tw: wall temperature ( R)

� T1: relieving temperature ( R)

� P1: relieving pressure (psi)

� A' : exposed surface area of the vessel( f t2)

� M: molar weight of the �uid ( lb/mol)

2.1.2 Assumptions

As explained in Section 2.1, the API RPs provide equations to predict, in a �re contingency,

the expected relief rate from the PSV and its ori�ce size. However, the assumptions upon

which those equations are based and derived are inaccurate and too conservative in certain

cases. These are summarized below:

� The relief rate equation has been derived by applying the Ideal Gas Law to describe the

relation between the pressure and the temperature of the inventory in terms of density.

This is proven to become increasingly inaccurate, compared to cubic equations of state,

as temperature and pressure rise [8].

� Fluid viscosity, also used in the derivation of the relief rate equation, is regressed as

a function of temperature based on the properties of air, regardless of the inventory

material properties[8].

� The vessel mass is not considered and the heat �ow from the �ame is directly applied

to the inventory, without considering the shell in between [8].

� The temperature of the �uid is assumed to be constant [9].

� The recommended maximum vessel wall temperature for a steel plate is given at

1100� F (593� C) [9] which could be conservative since, depending on the grade of

steel, a vessel could fail below this temperature under the effect of thermomechani-

cal stresses acting on the material during a �re.

2.2 Stefan-Boltzmann Fire Equation

The Stefan-Boltzmann �re equation allows to calculate the heat �ux originated from a

�ame. It takes into account the emissivity of the �ame together with its convective coef-

�cient, as well as the emissivity and absorptivity of the surface subjected to the �re as a

function of the difference in temperature between the �ame and the surface itself [2].

Q = as � s � (ef � T4
f � es � T4

s ) + hf � (Tf � Ts) (2.5)

Where,
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� Q: heat �ux ( W/ m2)

� as: surface absorptivity

� s: Stefan-Boltzmann constant, 5.67�10� 8 (W/ m2 � K4)

� ef : �ame emissivity

� Tf : �ame temperature ( K)

� es: surface emissivity

� Ts: surface temperature (K)

� hf : convective heat transfer coef�cient of the �ame ( W/ m2 � K)

2.2.1 Limitations

In the case of �re scenarios of higher complexity such as the engulfment of a pressure vessel

in �ames, where depending on the inventory and the direction of the �ame the heat �ux

may vary, the Stefan-Boltzmann Fire Equation may not able to accurately predict the real

heat �ux. The main limitations are listed below:

� The temperature of both the �ame and the surface are assumed constant, which means

that the decrease of the heat �ux due to the the increase in temperature of the surface

and inventory is not considered.

� The values used to de�ne the �ame (such as emissivity and temperature) are usually

taken from the literature, where it is possible to �nd a number of experiments that were

conducted at particular conditions that may not coincide with the �re being modelled.

The result of these limitations is a modelled heat �ux which is either lower or higher

than the real one and has a constant trend, that translates into an underestimated or overes-

timated heat �ux.

2.3 Vessel Rupture Scenarios

An important aspect to take into consideration when a vessel in engulfed in �ames

concerns the phase composition of the inventory, as it is a factor which highly affects the

rupture time. Figure 2.1 shows the time of rupture of a three-phase separator in relation to

different �re case scenarios (jet and pool �re), affected area of the vessel (wetted or unwetted

area), with and without a PSV installed.
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Figure 2.1: Rupture times for a �rst stage separator vessel in relation to different �re
scenarios and inventories [10].

The only cases when no rupture occurs before 60 minutes, whether it is a small or big

jet �re, as well as a pool �re, are when the �re heats up the wetted part of the vessel and

a PSV actively relieves the pressure of the inventory and keeps it steady. Due to its high

heat transfer coef�cient, unlike the vapor phase, as well as high heat of vaporization, the

liquid is able to store enough heat to cool down the wall, allowing the vessel to withstand

�re exposure. For every other scenario, especially when the heated surface is unwetted, the

vessel ruptures within the �rst half hour. Therefore, the higher the liquid level, the greater

the likelihood of a vessel to avoid rupture [10].

2.4 Heat Transfer Modelling

The �ame of a �re, depending on its conditions and size, is usually characterized as

a �ow in turbulent regime which, unlike a laminar one, is much more dif�cult to model

in terms of �uid dynamics and associated heat transfer. In order to gather reliable data

in relation to the thermodynamical evolution of the inventory's system together with the

thermomechanical response analysis of the vessel's wall, the heat �ux provided by the �ame

needs to be modeled as realistically as possible, being it a core factor of the driving potential

and physical phenomena involved in the case of a vessel under �re. In order to be able to
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accurately model the heat transfer between the �ame and the inventory, the mechanisms

of conduction, radiation and convection have to be addressed. This section offers a brief

explanation of these mechanics.

2.4.1 Conducting Heat Transfer

Heat transfer in the form of conduction takes place between the outer and inner walls of

the vessel. The heat of conduction is proportional to the area of the conducting surfaces

and their difference in temperature, corresponding to the driving potential, while it is in-

versely proportional to the distance between them, seen as a resistance. The equation of the

conductive heat rate, also known as Fourier's Law, is shown in Equation 2.6 [11].

Qcond = k � A �
DT
Ds

(2.6)

Where,

� Qcond: conduction heat �ow rate ( J/ s)

� k: conduction heat transfer coef�cient ( W/ m � K)

� DT: temperature difference (K)

� Ds: path length between the two surfaces (m)

By dividing Equation 2.6 for the area, Equation 2.7 is reached, expressing the conductive

heat �ux Qn
condnormal to a surface.

Qn
cond =

Qcond

A
= k �

DT
Ds

(2.7)

2.4.2 Radiating Heat Transfer

Radiation is present at the outer and inner walls of the vessel due to its temperature under

�re conditions. This type of heat transfer refers to the loss of internal energy of a solid

by the emission of thermal radiation from its surface. The heat �ux emitted by a surface,

accounting for its emissivity is [11]:

Qrad = e � s � T4
s (2.8)

However, a surface may also receive heat in the form of radiation from its surroundings,

in which case a new term needs to be added in order to de�ne the net heat heat �ux from a

surface, accounting for the absorbed radiation [11]:
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Qrad = e � s � T4
s � a � G (2.9)

Where,

� Qrad: radiation heat �ux ( W/ m2)

� e: surface emissivity

� G: incoming radiation ( W/ m2)

� T: surface temperature (K)

� a: surface absorptivity

2.4.3 Convecting Heat Transfer

The majority of the heat �ux which is absorbed by the inventory from the inner wall of

the vessel is transmitted through convection and calculated as the temperature difference

between them multiplied by the convective heat transfer coef�cient of the inside �uid [11].

Qconv = hi � (Ts � Ti ) (2.10)

Where,

� Qconv: convective heat �ux ( W/ m2)

� hi : convective heat transfer coef�cient of the inventory W/ m2 � K)

� Ts: inner surface temperature (K)

� Ti : inventory temperature ( K)

The convective heat transfer coef�cient is de�ned as follows [11]:

h =
Nu � k

L
(2.11)

Where,

� h: convective heat transfer coef�cient ( W/ m2 � K)

� Nu: Nusselt number, dimensionless parameter

� k: thermal conductivity of the �uid ( W/ m � K)

� L: characteristic length (m)
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Nusselt Number

The Nusselt number describes the ratio between the total heat transfer and the rate of

conduction. The generic form is shown in Equation 2.12, where the parameters a and m are

system-dependent, although its expression may vary for particular applications, as will be

shown next [11].

Nu = a � (Gr � Pr)m (2.12)

Where,

� a: empirical coef�cient, depending on the system characteristics.

� Gr: Grashof number, dimensionless parameter

� Pr: Prandtl number, dimensionless parameter

� m: empirical coef�cient, depending on the system characteristics

More speci�cally, in this case, the following expressions have been used, which are

speci�c to the system under study. For vertical plates under natural convection Equation

2.13 may be used for the entire range of the Rayleigh number (Ra) [11]:

Nu =

"

0.825+
0.987� Ra1/6

�
1 + ( 0.492/Pr)

� 8/27

#2

(2.13)

As for the case of horizontal plates, they employ the generic form seen on Equation

2.12 with its corresponding regression parameters. For the upper surface of a heated plate,

Equation 2.14 is used for Ra values between 104 and 107 , while for the lower surface of a

heated place, Equation 2.15 is used instead for the whole range ofRa[11]:

Nu = 0.54� Ra1/4 (2.14)

Nu = 0.27� Ra1/4 (2.15)

Grashof Number

The Grashof number determines the ratio between the buoyancy forces and the viscous

forces acting on a �uid [11].

Gr =
g � b � (Ts � Ti ) � L3

n2 (2.16)

Where,
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� g: gravitational acceleration ( m/ s2)

� b: thermal expansion coef�cient

� Ts: surface temperature (K)

� Ti : inventory temperature ( K)

� Lc: characteristic length (m)

� n: kinematic viscosity ( m2/ s)

The thermal expansion coef�cient can be calculated using the follow equation:

b =
1
T

(2.17)

With T being the temperature of the gas in Kelvin.

Prandtl Number

The Prandtl number describes the ratio between momentum and thermal diffusivity

[11].

Pr =
Cp � m

k
(2.18)

� Cp: speci�c heat capacity of the �uid ( J/ kg � K)

� m: dynamic viscosity ( kg/ m � s)

� k: thermal conductivity of the �uid ( W/ m � K)

Rayleigh Number

The product between Grashof and Prandtl numbers gives the Rayleigh number. It de-

scribes to what extent a �uid is driven by buoyancy forces, determining whether free or

forced convection is taking place [11].

Ra= Gr � Pr (2.19)

2.5 Thermodynamic Modelling

As soon as the vessel is engulfed by �ames, the temperature and pressure of the in-

ventory, start to rise. The change in the operating conditions causes the thermodynamic

properties of the inventory to change as double-variable dependent functions, making their
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determination signi�cantly more complex. At the same time, the �uid's properties variation

greatly affects the vessel's wall heat balance in turn, therefore having a signi�cant impact

on the pressure and temperature variation of the vessel, and highlighting the need for an

accurate analysis of the matter.

2.5.1 Peng-Robinson Cubic Equation of State

The Peng-Robinson Equation of State (EoS) is widely used for thermodynamic and vol-

umetric calculations in the oil and gas industry nowadays. It was published in 1976 by

PhD student Ding-Yu Peng and Professor Donald Robinson from the University of Alberta.

Compared to other cubic equations of state, such as Soave-Redlich-Kwong, it shows a better

behaviour when the �uid approaches critical conditions and for that reason it is recognized

as the optimal choice for most applications. As any other cubic EoS, it can be used for either

single components or mixtures, by applying the corresponding mixing rules.

Single Component Application

The single component formulation of the Peng-Robinson EoS is useful when dealing

with pure substances, fact which is particularly relevant for the second part of this project,

as will be seen in the upcoming sections. The generic formulation of the Peng-Robinson

Equation of State is shown in Equation 2.20:

p =
R � T

Vm � b
�

qPR(T)
Vm � (Vm + b) + b � (Vm � b)

(2.20)

Where R is the universal gas constant in J/ molK and Vm is the speci�c molar volume in

m3/ mol. qPR(T), b and a(T) are parameters calculated from the following equations:

qPR(T) = 0.45724�
R2 � T2

c

pc
� a(T) (2.21)

b = 0.07780�
R � Tc

pc
(2.22)

a(T) = [ 1 + k � (1 �
p

Tr )]2 (2.23)

With Tc and pc being respectively the critical temperature in Kelvin and pressure in bar.

k is the polynomial �t of the acentric factor, and is calculated as:

k = 0.37464+ 1.54226� w � 0.26992� w2 (2.24)
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With w being the acentric factor, introduced in 1955, and useful in describing the non-

sphericity of a molecule with respect to ideality, correcting the �uid's boiling conditions. Tr

is the reduced temperature and is calculated by the ratio of the temperature of the �uid on

its critical temperature:

Tr =
T
Tc

(2.25)

The Peng-Robinson EoS can be rearranged in a third degree polynomial equation with

the compressibility factor Z as unknown variable as shown in Equation 2.26.

Z3 + ( � 1 + B) � Z2 + ( A � 3 � B2 � 2 � B) � Z + ( � A � B + B2 + B3) = 0 (2.26)

With A and B being:

A =
qPR(T) � a(T) � p

(R � T)2 (2.27)

B =
b � p
R � T

(2.28)

Finally the speci�c volume can be obtained from the equation of state for real gases as:

Z =
p � Vm

R � T
(2.29)

Mixture Application

For mixture applications, the Peng-Robinson EoS general formulation is maintained.

However, the Van der Waals mixing rules must be applied to the parameter calculations,

accounting for each of the components of the mixture. This is of particular relevance to the

�rst part of the project, when the inventory is de�ned by a mixture of hydrocarbons. The

generic formulation with its corresponding parameters is shown next, followed by the Van

der Waals mixing rules.

p =
R � T

Vm � bm
�

qPRi(T)
Vm � (Vm + bm) + bm � (Vm � bm)

(2.30)

qPRi(T) = 0.45724�
R2 � T2

c,i

pc,i
� ai (T) (2.31)

bi = 0.07780�
R � Tc,i

pc,i
(2.32)
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ai (T) = [ 1 + ki � (1 �
p

Tr,i )]2 (2.33)

ki = 0.37464+ 1.54226� wi � 0.26992� w2
i (2.34)

Once these are calculated, the mixing rules are applied as shown next:

qPR,m(T) =
c

å
i= 1

c

å
j= 1

xi xjqPR,ij (T) (2.35)

Where,

� qPR,ii (T)=qPR,i (T) when i=j

� qPR,ij (T)=p qPR,i (T) �qPR,j (T) when i 6= j

bm =
c

å
i= 1

c

å
j= 1

xi xjbi j (2.36)

Where,

� bii =bi when i=j

� bi j =
bi + bj

2 when i 6= j

Similarly to the single component case, the Peng-Robinson EoS can be rewritten in a

polynomial form, also accounting for the mixing rules as seen next:

Z3
m + ( � 1 + Bm) � Z2

m + ( Am � 3 � B2
m � 2 � Bm) � Zm + ( � Am � Bm + B2

m + B3
m) = 0 (2.37)

Where,

Am =
qPR,m(T) � p

(R � T)2 (2.38)

Bm =
bm � p
R � T

(2.39)
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3. Problem Formulation

In order to answer the initiating question, as seen on Section 1.1, two approaches have been

made, which comprise the two main parts this project is divided into. The objective of

the �rst part is to determine under what conditions a PSV is an useful safety device for

gaseous vessels, offering real protection, and what scenarios require of this implement. The

knowledge acquired from the �rst part of the project will then be put into practice on the

second part, providing vital information to devise hypothetical scenarios in which a PSV

offers actual protection. In the second part, computational �uid dynamics will be used as

the most accurate tool available for the external heat transfer modelling, while the internal

behaviour will, in turn, be simulated in Aspen HYSYS.

3.1 Project Delimitation

The �rst part of the project, focused on the study of the utility of PSVs installed on

gaseous vessels under �re, was an incorporation to a work-in-progress being done at Ram-

bøll Energy. The contribution of the authors was to implement a convective heat transfer

model to improve the accuracy of the wall temperature prediction. This helped ensure the

conclusions drawn regarding vessel rupture and PSV usefulness were as precise as possi-

ble. Additionally, the authors contribution included updating the existing results and their

discussion to the new convective heat transfer model, as well as incorporating the relevant

theory behind it. At the �nalization of this part of the project, the study was adapted to a

publishable format, and was consequently submitted for publication and later on accepted

at Safety, an MDPI Journal. This publication is presented in Section 10, Appendix A.

Regarding the second part of this project, the focus was to develop a model to size a

pressure safety valve on a vessel under �re by using the most accurate tools possible. The

Computational Fluid Dynamics (CFD) software ANSYS was chosen to model the external

heat �ux, by accurately simulating the �ame. The simulation for the depressurization of

the vessel was carried out in Aspen HYSYS by means of the Depressuring utility. The heat

�ux data obtained from the CFD was input to the utility in order to both correctly predict

the depressurization behaviour as well as the valve size required. The results were then

compared to those obtained by what could be considered a more conventional procedure

using the Stefan-Boltzmann Fire Equation, a more conservative and simple approach.

3.2 Objectives of the Project

The ultimate goal of this project is to develop a highly accurate model for pressure

safety valve sizing. Computational �uid dynamics has been deemed the best tool for this
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purpose, achieving a level of detail that cannot be matched by any other tool currently avail-

able. However, the path followed in this project has been to �rst determine the scenarios in

which a PSV is useful, and then model the design of the PSV for such scenarios. The key

milestones that have led to this outcome have been, for the �rst part:

� Development and implementation of a convective heat transfer model.

� Thermomechanical analysis to determine rupture for each case scenario, obtaining re-

sults that conclude under what conditions PSVs are a useful implement.

And for the second part:

� Development of a CFD model for external heat �ux modelling.

� Depressurization simulations and valve size calculation on the basis of the data gath-

ered from the CFD analysis.

� Contrasting of the results with a Stefan-Boltzmann approach.

The following �gure represents, in a higher level of detail, the steps followed through-

out this project, for each of the parts.

Figure 3.1: Graphical representation of the project development.
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4. Methodology Part I. On the adequacy of

API 521

As explained on Section 1.1, this part of the project was an incorporation to an on-going

project at Rambøll Energy. The former project was assessing the effectiveness of installing

pressure safety valves on fully gaseous pressure vessels in case of �re scenarios since, due

to the low heat capacity of gasses, they are the most likely to rupture. The addition by

the authors was to account for the impact of the natural convection taking place in the in-

ner wall of the shell, subtracting it from the heat balance at the wall, calculated from the

Stefan-Boltzmann Fire Equation. Successively, a thermomechanical analysis was performed

for different diameters and pressures to verify whether rupture would have taken place or

not. In particular, in the following sections, the development of the heat transfer model is

described, together with its implementation in the form of an Excel VBA code and other

software used as support for the modelling.

4.1 Properties De�nition

The vessel inventory is a given mixture of hydrocarbons whose composition is shown

in Table 4.1, as a representative composition of natural gas:

Table 4.1: Molar fractions of each component of the inventory's mixture.

Component Mole Fraction

Methane 0.8

Ethane 0.1

Propane 0.05

i-Butane 0.05

To correctly and accurately de�ne the convective heat transfer coef�cient of the mixture

along its increasing temperature and pressure, multiple case studies have been run with the

Case Study tool from HYSYS where each property was swept with respect to temperature

and pressure. The temperature range was swept between323� C and 1700� C while the pres-

sure, in turn, from 5 bar to 150 bar. Once the p-T dependency data is obtained and input

to an MS Excel spreadsheet, the values are imported to MATLAB, where the surface plots

shown on Figures 4.1, 4.2, 4.3, 4.4 and 4.5 are obtained:
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Figure 4.1: Heat capacity
surface plot

Figure 4.2: Thermal expan-
sion coef�cient surface plot

Figure 4.3: Dynamic viscos-
ity surface plot

Figure 4.4: Kinematic viscos-
ity surface plot

Figure 4.5: Thermal conductivity surface plot

The polynomial regression equations are successively generated by means of the Curve

Fitting Tool utility in MATLAB ( cftool), and then then incorporated to the VBA code.
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4.2 Visual Basic for Applications Programming

In order to �t the developed heat transfer model into the existing MS Excel-based

spreadsheet format, new functionality needed to be added to the program. Since the model

revolves around obtaining the convective heat transfer coef�cient, h, for the inside of the

vessel, the decision was made to create a code that could calculate the properties at the

given pressure and temperature, and then use the relevant correlations needed to obtain

this convective heat transfer coef�cient. The Developertab in MS Excel offers the possibility

of running user-made programs that can be called as functions from the usual Excel spread-

sheet interface. To increase the possibilities of this code, it was structured in such a way

that allows for different calculation pathways depending on the vessel orientation and the

section of the vessel under �re. The full code can be found in the Section 11, Appendix B.

However, the most relevant sections will be commented next.

Firstly, two categories of program exist in Excel VBA: functions and subs. The former

allows for a return value while the latter does not. Since the aim is to obtain the value of the

convective heat transfer coef�cient, a function is used as shown on the following line:

Public Function ConvCoeffUni (T As Double , P As Double , VessO As In teger , SOI As

In teger , L As Double , D As Double )

As it can be seen, multiple arguments are input into the program. Temperature and

pressure (T and P, respectively) are required for properties calculation; VessOindicates the

vessel orientation (1 for horizontal, 2 for vertical); SOI stands for Surface Orientation Index,

which relates to the section of the vessel under the effect of �re; and �nally vessel dimensions

(asL and D, length and diameter respectively).

After variable declarations and constants de�nitions, the inventory temperature needs

to be obtained in order to calculate the �uid's properties under those conditions. This is not

as straightforward as it may seem, since inventory temperature is a time-dependent vari-

able calculated by the HYSYS Depressuring utility and stored in a different sheet from the

calculations. Therefore, the program must �nd the time at which is calculating and use it

to �nd the corresponding vessel inventory temperature. The commands that perform this

action are shown next:

' Looks up t h e va lue o f t ime c o r r e s p o n d i n g t o t h e c u r r e n t t e m p e r a t u r e

Time = Appl icat ion . WorksheetFunction . Index ( TimeRange , Appl icat ion .

WorksheetFunction . Match (T , TempRange , 1) )

' Obta ins t h e bu lk vapour t e m p e r a t u r e from HYSYS raw da ta s h e e t " P r e s s u r e P r o f i l e "

T_ in f = Appl icat ion . WorksheetFunction . VLookup ( Time , PPro f i l e , 3 , Fa lse )

' C e l s i u s t o Ke lv in

T_in f = T_in f + 273.15

T_inf is the temperature of the inventory. However, using this temperature to calcu-

late the properties of the �uid under convection would not be very realistic, considering
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the adjacent wall has a much higher temperature. Therefore, an assumption is made to set

the �lm temperature as an average between the wall and the inventory's temperature. With

the temperature established, properties calculations can proceed. This is done by inputting

the p-T dependent models regressed on MATLAB's cftool, as explained on Section 4.1. The

following code showcases these models:

'PROPERTY CALCULATIONS

mu = DVb0 + DVb1 � T + DVb2 � P + DVb3 � T ^ 2 + DVb4 � P ^ 2 + DVb5 � T � P

k = Kp00 + Kp10 � T + Kp01 � P Kp20 � T ^ 2 + Kp11 � T � P + Kp02 � P ^ 2 + Kp30

� T ^ 3 + Kp21 � T ^ 2 � P + Kp12 � T � P ^ 2 + Kp03 � P ^ 3 + Kp40 � T ^ 4

+ Kp31 � T ^ 3 � P + Kp22 � T ^ 2 � P ^ 2 + Kp13 � T � P ^ 3 + Kp04 � P ^ 4

Cp = Cpb0 + Cpb1 � T + Cpb2 � P + Cpb3 � T ^ 2 + Cpb4 � P ^ 2 + Cpb5 � T � P

beta = 1 / T

kin = KVb0 + KVb1 � T + KVb2 � P + KVb3 � T ^ 2 + KVb4 � P ^ 2 + KVb5 � T � P

These models provide an accurate calculation of the properties required to determine

the adimensional numbers that rule the heat transfer mechanics under study. The expression

for these adimensional numbers is dependent not only on �uid properties, but also on their

application. This is what the calculation path shown next sorts out, the most convenient ex-

pressions for the given input, in which important information such as vessel orientation and

section affected by �re is given in the form of indexes. The main If-Elseseparates calculation

pathways between horizontal and vertical vessels ( VessOequalling 1 and 2, respectively).

For an horizontal vessel, further cases are accounted for in the Select Casecommand, being

the Nusselt correlation dependent on the surface of the vessel under �re. To facilitate inter-

pretation, a brief explanation of the actions performed by the code next to it has been added

in parallel to the code shown below:

'ADIMENSIONAL NUMBERS CALCULATIONS:

Pr = (Cp � mu � 1000) / k

I f VessO = 1 Then

Lc = L � 0 .04 ' C h a r a c t e r i s t i c

l e n g t h assumed t o be f l a t f o r

t h e h o r i z o n t a l v e s s e l

Se lec t Case SOI

Case Is = 4 , 5

Gr = ( g � Cos( 4 5 ) �

beta � (T � T_in f )

� Lc ^ 3) / kin ^

2

Case Else

Gr = ( g � beta � (T �
T_in f ) � Lc ^ 3)

/ kin ^ 2

End Se lec t

Ra = Gr � Pr

a
a
Main If-Elseloop. VessO=1for horizontal,
a
a
a
Select Casecommand for Grashof calculation.
For angled plates:

Gr =
g � cos(45) � b � (T � Tin f ) � L3

c

n2

For vertical and horizontal plates:

Gr =
g � b � (T � Tin f ) � L3

c

n2

a
a
a
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Selec t Case SOI

Case Is = 1

Nu = ( ( 0 . 8 2 5 + ( 0 . 3 8 7

� Ra ^ (1 / 6 ) ) /

(1 + ( 0 . 4 9 2 / Pr )

^ (9 / 16) ) ^ (8

/ 27) ) ) ^ 2

Case Is = 2 , 4

Nu = 0 .54 � Ra ^

( 0 . 2 5 )

Case Is = 3 , 5

Nu = 0 .27 � Ra ^

( 0 . 2 5 )

End Se lec t

Else

Gr = ( g � beta � (T � T_in f

) � L ^ 3) / kin ^ 2

A = D / L

B = 35 / Gr ^ ( 0 . 2 5 )

I f A <= B Then

MsgBox " The cond i t ion

which al lows to

c a l c u l a t e the

Nussel t parameter as

an average fo r

v e r t i c a l cy l i nde rs

assuming the sur face

as a f l a t p la te i s

not met . That

r e s u l t s in an e r ro r

higher than 5%"

C = ( (A � B) / B) � 100

MsgBox " The cond i t ion

i s not met fo r : " &

C

End I f

Ra = Gr � Pr

Nu = ( ( 0 . 8 2 5 + ( 0 . 3 8 7 � Ra

^ (1 / 6 ) ) / (1 + ( 0 . 4 9 2

/ Pr ) ^ (9 / 16) ) ^ (8

/ 27) ) ) ^ 2

End I f

Select Casefor Nusselt calculation a
a
a
a
For vertical plates (SOI=1):

Nu =
h
0.825+

0.387� Ra1/6

�
1 + ( 0.492

Pr )9/16
� 8/27

i 2

a
a
a
For horizontal upper plates (SOI=2, 4):

Nu = 0.54� Ra0.25

For horizontal lower plates (SOI=3, 5):

Nu = 0.27� Ra0.25

Main If-Elseloop. VessO=2for vertical.

a

Grashof number calculation

Diameter-Lenght ratio

Aproximation condition a

a

Message box notifying the user a

a

a

a

a

a

a

a

a

Message box returning the magnitude of the

error

a

Rayleigh calculation

Nusselt calculation for vertical plates a

a

a

End of If-Elsemain loop

On the �rst part of the shown code, the Surface Orientation Index (SOI) is accounted

for. The vessel is modelled as an hexagon, with �at plates composing its surfaces. The SOI

is used to indicate the program which of the Grashof and Nusselt expressions are to be used

for a given case. The following �gure shows a sketch of the hexagonal approximation.
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Figure 4.6: A sketch of the hexagonal approximation for a cylindrical vessel.

As seen on the code shown above, and as explained on Section 2.4.3, three different

Nusselt expressions are used for cases 1, 2 and 3. Cases 4 and 5 are approximated to cases

2 and 3, respectively, with a correction done to the gravity term in the Grashof number,

therefore accounting for the inclination of the plates. In the case of a vertical vessel ( VessO

being 2) the wall is approximated as a �at vertical plate, using therefore the corresponding

Nusselt correlation. However, in order to be able to employ this approximation, the diam-

eter/length ratio must be smaller than 35/ Gr0.25. A message box is added into the code to

notify the user if this condition is not met. With all the adimensional numbers fully de�ned,

the �nal value for the convective heat transfer coef�cient can be calculated and returned:

ConvCoeffUni = (Nu � k ) / L

4.3 Mechanical Modelling

In this section the mechanical properties considered in order to perform the thermome-

chanical stress analysis, along with the rupture criteria used, are explained.

4.3.1 Allowable Tensile Stress

The allowable tensile stress (ATS), measured in MPa, corresponds to the maximum stress

that a material is allowed to withstand. It is dependent on the ultimate tensile stress (UTS),

also in MPa, which is the maximum stress that a material can withstand before failure. The

UTS multiplied by two safety factors gives the ATS, as shown below [2]:
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ATS = UTS � ks � ky (4.1)

Where ks and ky are safety factors. ks is the general safety factor and is used in the

case material data is known for a speci�c material. A value of 0.85 is recommended, unless

"material values are guaranteed minimum values", in which case a value of 1.0 is used. ky

is an additional factor used in the case of the material data being missing or uncertain, in

which case its value will be different than 1 [2].

4.3.2 Von Mises Criterion

The Von Mises criterion, also called shear strain energy criterion, states that a material begins

to yield when the density of shear stress energy equals the density of the shear stress energy

at the yield point in a tension test [12]. For this reason it is assumed that when the von Mises

stress is higher than the ATS, rupture occurs. The following equation for the Von Mises

stress calculation is taken from the Scandpower guideline [2]:

se =

s

3 � (
p � D2

D2 � d2 )2 + s2
a (4.2)

Where,

� se: von Mises stress (MPa)

� p: gas pressure (MPa)

� D: external diameter (m)

� d: internal diameter ( m)

� sa: longitudinal stress due to the external force, assumed to be 30 MPa.

4.3.3 Stress Analysis

The stress analysis assesses whether the rupture of the vessel is occurring or not and its

timing. In it, the allowable tensile stress (ATS) is compared to the von Mises stress calculated

at each time step with the related pressure obtained from the depressurization simulation.

When the von Mises stress surpasses the ATS, the vessel is assumed to rupture. The analysis

have been performed both for the pool and jet �re scenarios.
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4.3.4 Simulated Case Scenarios. Part I

In Table 4.2 are summarized the case scenarios that have been simulated in the �rst part

of the project. Each of these case scenarios has been performed in a different MS Excel

spreadsheet, comprising the heat balance, thermomechanical analysis and depressurization

data.

Table 4.2: Simulated case scenarios. [13]

Vessel Geometry and Design Data

Diameter ( m) Design Pressure (bar) Operating Pressure ( bar)

0.5

15 5
15 10
45 15
45 35
135 45
135 115

1

15 5
15 10
45 15
45 35
135 45
135 115

2

15 5
15 10
45 15
45 35
135 45
135 115

3

15 5
15 10
45 15
45 35
135 45
135 115
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5. Methodology Part II. Modelling of a ves-

sel under pool �re conditions

The second part of the project deals with the comparison between the developed CFD sim-

ulation and the application of the Stefan-Boltzmann Fire Equation in the determination of

the heat �ux and the sizing of the pressure safety valve resulting from it, by means of the

Depressuring utility from Aspen HYSYS.

5.1 Vessel Design

Vessel design is a requirement in order to obtain basic parameters such as thickness, a

critical factor for heat transfer analysis. Additionally, to develop a CAD model that can be

used for CFD simulations, vessel heads need to be designed.

To calculate the shell thickness, the ASME Boiler and Pressure Vessel Code Section VIII

Div. I has been used. This Code has a chapter for the calculation of thickness of shells under

internal pressure. Three different equations are suggested in this code depending on vessel

dimensions and operating conditions. For the case under study, the following de�nition of

thickness applies [14]:

t =
p � R

2 � S � E + 0.4� p
(5.1)

Where,

� t: thickness (m)

� p: design pressure (MPa)

� Ri : inner radius ( m)

� S: maximum allowable stress value ( MPa)

� E: joint ef�ciency, as tabulated in the Code

As for vessel head design, DIN 28013 Standard for ellipsoidal heads was employed,

which provides the correlations to obtain the exact measurements of all the components in

an ellipsoidal head. Figure 5.1 shows a schematic of an ellipsoidal head according to DIN

28013 Standard:
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Figure 5.1: DIN 28013 Standard for ellipsoidal heads. [15]

The dimensioning correlations for each measure are reported below:

D i = Do � 2 � t (5.2) CR = 0.9� D i (5.3)

KR = 0.17� D i (5.4) SF = according to spec. (5.5)

DH = 0.25� D i (5.6) THi = SF+ DH (5.7)

Where,

� t: wall thickness (m)

� Do: outer diameter (m)

� D i : inner diameter ( m)

� SF: straight �ange height ( m)

� DH: dished height (m)

� THi : total height inside ( m)

� CR: crown radius ( m)

� KR: knuckle radius ( m)

The head thickness required for the head design is, in turn, calculated according to the

ASME BPVC Sec. VIII Div. 1 again, which proposes Equation 5.8 for this purpose:

t =
p � D

2 � S � E � 0.2� p
(5.8)

5.2 Reaction of Combustion

Combustion is a reaction which occurs between a fuel and an oxidizer such as a hydro-

carbon (CxHy) and air, respectively. The product of the reaction, as shown in Equation 5.9 is
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characterized by the formation of carbon dioxide ( CO2) and water ( H2O) together with the

release of the energy as a result of the reaction. SinceCO2 and H2O are stable, which means

that they do not react to form the reactants, the combustion is said to be an irreversible

reaction.

CxHy + O2 ) H2O + CO2 (5.9)

Where x and y indicate the number of atoms of carbon ( C) and hydrogen ( H), respec-

tively. After setting the reaction, the stoichiometric coef�cients are added to the left side

of each component of the reaction in order to balance the equation and respect the law of

conservation of mass. The following reaction shows the combustion of pentane ( C5H12):

C5H12 + 8O2 ) 6H2O + 5CO2 (5.10)

Reactants' Stream Molar Flows Determination

As the value of the total heat �ux required is already known, it is possible to de�ne the fuel

molar �ow by means of the ratio between the total heat �ux and the fuel's lower heating

value (LHV), as shown in Equation 5.11. The lower heating value represents the heat which

is released from a combustion, assuming that the latent heat of vaporization of water is not

recovered in the products. This is calculated starting from a reactants' temperature of 25� C

and returning the temperature of the combustion of the products to 150� C, also allowing to

compare between different hydrocarbons with different number of atoms of hydrogen [16].

N f uel =
f tot

LHV
(5.11)

Where,

� N f uel: fuel molar �ow rate ( mol/ s)

� f tot: total heat �ux of combustion ( W/ m2)

� LHV : lower heating value of the fuel ( J/ mol)

Successively, the molar �ow of oxygen is obtained by multiplying the molar �ow of

the fuel by the stoichiometric coef�cient of the oxidizer. The example below showcases the

combustion of pentane, as seen in Equation 5.10:

NO2 = NC5H12 � 8 (5.12)

Assuming air as the oxidizer, its molar �ow is �nally calculated as the ratio between the

molar �ow of oxygen and its molar fraction with respect to air:



32

Nair =
NO2

0.2095
(5.13)

5.3 ANSYS 18.2 Computational Fluid Dynamic Simulator

A computational �uid dynamic simulator (CFD) is a software which is able to perform

numerical analysis calculations and give accurate solutions in order to model and study the

behaviour of a �uid with respect to a surface or a volume or, in turn, the response of a solid

body under the action of a �uid. Some of its most common applications range from per-

formance of heat exchangers, �lling up or emptying of tanks, aerodynamics of vehicles or

integrity and response of mechanical components or structures subject to mechanical, ther-

mal or thermo-mechanical stresses. To approach a problem, the software divides the whole

simulation domain into multiple single elements or cells by means of a �nite elements nu-

merical method, solving for each one of these the Navier-Stokes set of equations, along with

all the other equations describing the particular physical phenomena. The procedure to set

up a simulation is done in three steps, being these the creation of the geometry, the mesh-

ing of the simulation environment and the selection of the physical models together with

the determination and characterization of the boundary conditions. These de�ne whether a

space is solid or �uid, where the inlet and outlet of a �ow are located or where a �uid is in

contact with a solid. Figure 5.2 shows a picture of the structure of the CFD simulation from

the ANSYS Workbench simulation environment. The three main sections (Geometry, Mesh

and Fluent) can be appreciated.

Figure 5.2: Detail of the ANSYS Workbench

As with a process simulator, the user can perform either steady state or transient simu-

lations. Once the simulation is over, the results are shown both numerically and visually by

means of graphics and animations.



33

5.3.1 Energy Transport Equation

The heat transfer taking place in the CFD simulation is simulated and solved by means of

the energy transport equation shown below [17]:

¶(r � E)
¶t

+ r �
� ~V � (r � E + p)

�
= r �

�
ke f f � r T
| {z }
Conduction

� å
j

hj � ~Jj

| {z }
Species Diffusion

+
�

¯̄t e f f � ~V
�

| {z }
Viscous Dissipation

�
+ Sh

(5.14)

The energy term per unit mass E is de�ned as:

E = h �
p
r

+
v2

2
(5.15)

Where,

� h: enthalpy (J)

� p: pressure (bar)

� r : mass density (kg/ m3)

� v: velocity ( m/ s)

The conduction term in Equation 5.14 consists of the product between the effective con-

ductivity ke f f and the temperature gradient. The term accounts for both thermal conductiv-

ity and turbulent thermal conductivity since ke f f is the sum of these two parameters. The

energy source due to species diffusion is determined by the summatory of the enthalpy

times the diffusion �ux of species, ~Jj , determining the enthalpy transport related to the phe-

nomenon. The viscous dissipation term accounts for the viscous heating when a �uid is

characterized by a high viscous shear. Finally, the term Sh represents the energy source due

to chemical reaction of reacting �ows, inter-phase energy source and radiative energy [17].

5.3.2 Standardk-e Viscous Model

The k-e viscous model is a very complete turbulence model which allows to calculate, by

means of two different transport equations, both the turbulent velocity and length scales in-

dependently. The transported variable for the �rst equation is the turbulent kinetic energy

k which determines the energy involved in the turbulence while for the second equation is

the rate of dissipation e, which determines the scale of the turbulence. For its robustness

and reasonable accuracy for a wide variety of turbulent �ows, it is nowadays often used in

industrial turbulent �ows and heat transfer simulations even though it is a semi-empirical
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model, as the derivation of the model equations is based on phenomenological considera-

tions. The main assumption of the model is that the �ow is fully turbulent and, because of

that, the effects of molecular viscosity are negligible. The turbulent kinetic energy k and its

dissipation rate e are determined from Equation 5.16 and 5.17 respectively [17]:

¶
¶t

(r � k) +
¶

¶xi
(r � k � ui ) =

¶
¶xj

��
m+

mt

sk

�
�

¶k
¶xj

�
+ Gk + Gb � re � YM + Sk (5.16)

¶
¶t

(r � e) +
¶

¶xi
(r � e � ui ) =

¶
¶xj

��
m+

mt

se

�
�

¶e
¶xj

�
+ C1e �

e
k

� (Gk + C3e � Gb) � C2e � r �
e2

k
+ Se

(5.17)

With,

� Gk: generation of turbulent kinetic energy parameter due to mean velocity gradients.

� Gb: generation of turbulent kinetic energy due to buoyancy forces.

� YM : �uctuation dilatation's contribution in compressible turbulence to the overall dis-

sipation rate.

� C1e: empirical constant.

� C2e: empirical constant.

� C3e: empirical constant.

� sk: turbulent kinetic energy Prandtl number.

� se: turbulent kinetic dissipation energy Prandtl number.

� Sk: user input source term.

� Se: user input source term

� mt : turbulent viscosity.

5.3.3 Radiation Model

The radiative heat transfer is computed by the radiative transfer equation (RTE) which ac-

counts for the absorbed, emitted and scattered thermal radiations of a medium at the posi-

tion ~r of~s direction [17]:

dI(~r,~s)
ds

+ ( a+ ss) � I (~r,~s) =
a � n2 � s � T4

p
+

ss

4 � p
�

Z 4p

0
I (~r,~s0) � F (~s,~s0)dW0 (5.18)

Where,
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� I : radiation intensity, which depends on position ( ~r) and direction (~s)

� s: path length

� a: absorption coef�cient

� ss: scattering coef�cient

� n: refractive index of the medium

� s: Stefan-Boltzmann constant = 5.669�10� 8 (W/ m2 � K4)

� T: local temperature

� ~s0: scattering direction vector

� F : phase function

� dW0: solid angle

In case of anisotropic scattering or complex geometries, other methods have been de-

rived in order to solve the RTE. The differential approximation method PN expresses the in-

tensity as truncated series of transcendental functions. Basically, the intensity of a medium

participating in the radiation is represented as a rapidly converging series, whose terms are

based on orthogonal spherical harmonics, which are functions de�ned on the surface of a

sphere to solve partial differential equations. Furthermore, the variation of the local inten-

sity from its local average value is represented by means of local gradients which, in turn, by

deriving a diffusion equation for the radiative �ux, allows to derive an advection-diffusion

equation to determine the local mean intensity [17].

P1 Radiation Model

The P1 radiation model is based on the general PN method. It is indicated for com-

bustion applications and for mediums characterized by curvilinear coordinates geometries.

The RTE equation solved by the model is an advection-diffusion equation for the mean local

incident radiation "G" shown below [17]:

r � (G� r G) � a � G + 4 � a � n2 � s � T4 = SG (5.19)

Where SG is a user-de�ned radiation source term and Gis a parameter de�ned as fol-

lowing:

G=
1

(3 � (a+ ss) � C � ss)
(5.20)

Being the radiation �ux qr :

qr = � G� r G (5.21)
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By combining Equation 5.21 and 5.19, Equation 5.22 is obtained:

� r � qr = a � G � 4 � a � n2 � s � T4 (5.22)

The gradient for the radiative �ux can now be directly substituted in the energy equa-

tion to account for heat sources, or sinks, due to radiation [17].

5.3.4 Non-Premixed Combustion Model

In a non-premixed combustion, the fuel and the oxidizer are not mixed before reacting. Ex-

amples of this type of combustion are pool �res and jet �res. In the model, the thermochem-

istry of the reaction is reduced to a single parameter, the mixture fraction f, which represents

the atomic mass fraction of the fuel reactant in the mixture. Since the atomic mass fraction of

each element is conserved in the reaction, the mixture fraction becomes a conserved scalar

quantity simplifying the combustion as a mixing problem. The mixture fraction is de�ned

as [17]:

f =
Zi � Zi ,ox

Zi , f uel � Zi ,ox
(5.23)

With,

� Zi : elemental mass fraction for the i element.

� Zi ,ox: fuel mass fraction at the stream inlet.

� Zi , f uel: oxidizer mass fraction at the stream inlet.

One of the assumptions of the model considers equal diffusivity coef�cient for each re-

actant which, in case of turbulent �ows, is acceptable as turbulent convection overwhelms

molecular diffusion. By assuming equal diffusivities, Equation 5.23 is the same for all the el-

ements and the mixture fraction de�nition is unique. For that reason, the species equations

can be reduced to a single equation for the mixture fraction f accounted as a conserved quan-

tity. The transport equation for the mixture fraction is de�ned by the Favre mean mixture

fraction equation [17]:

¶
¶t

(r � f̄ ) + r � (r � ~v � f̄ ) = r � (
mt

st
� r f̄ ) + Sm + Suser (5.24)

Where,

� r : mixture density ( kg/ m3)

� f̄ : mean mixture fraction

� ~v: diffusion velocity ( m/ s)
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� mt : turbulent viscosity ( P � s)

� st : constant

� Sm: source term due to mass transfer to the gas phase from the liquid fuel droplets or

reacting particles

� Suser: user-de�ned source term

Together with the Favre equation, a conservation equation for the mixture fraction vari-

ance "f̄ 02" is solved, allowing to describe the turbulent-chemical interactions:

¶
¶t

(r � f̄ 02) + r � (r � ~v � f̄ 02) = r � (
mt

st
� r f̄ 02) + Cg � mt � (r f̄ )2 � Cd � r �

e
k

� f̄ 02 + Suser (5.25)

f 0 = f � f̄ (5.26)

Where f is the mixture fraction deviation from its mean value and st , Cg and Cd are

constants equal to 0.85, 2.86and 2 respectively [17].

5.3.5 Geometry Design

As previously described in the introduction, the �rst step to set up a computational �uid

dynamic simulation consists in designing the object that is to be used in the simulation and

its surrounding environment, de�ned as the �uid domain. The piece can be either designed

in a bidimensional or tridimensional space, always starting from a 2D geometry sketch.

Initially, by means of the Design Modeler (DM) which is one of ANSYS' computer-aided

design tools, a 3D model of a pressurized vessel was created. For the determination of the

shell thickness, as well as the vessel's head design, the sizing equations from the ASME

BPVC Sec. VIII Div. I and DIN 28013 standards were applied, as shown on Section 5.1. With

all the required dimensions calculated it is possible to start the sketch for a 2D geometry.

After imposing a symmetry constraint for the �rst drawn line (related to the inner wall of

the shell) with respect to the y-axis, the pro�les of the inner wall of the two heads are added.

Successively, each line is offset and the inner and outer wall pro�les are connected on the

x-axis completing the 2D geometry design of the vessel as shown in Figure 5.3.
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Figure 5.3: The 2D sketch of the vessel from which the 3D geometry will be generated.

To convert the 2D sketch into a 3D �gure and generate the vessel as a solid, the �nal

pro�le sketch is revolved around the x-axis. Finally, the �uid domain is added by means

of the Enclosureoption. This option allows to choose the shape and the dimensions of the

environment around the vessel which, in this case, was chosen to be a parallelepiped. Figure

5.4 shows a1 mdiameter vessel and its �uid domain:

Figure 5.4: The 3D representation of the pressure vessel and the �uid domain.

At this point the �rst issue was encountered. After meshing both the �uid domain and

the tank, the number of �nite elements generated was greatly exceeding the limit of the

allowed by academic license set to 512000. An approach was made to increase the dimen-

sion of the single element. However, the loss of accuracy and mesh quality resulting from

this was deemed unacceptable. For this reasons, the chosen solution was to perform the

simulation in two dimensions and then extrapolate data to the third dimension. The new
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geometry consisted in the representation of the cross-section of the vessel and its inventory

as two concentric circles in a rectangular �uid domain, as seen in Figure 5.5:

Figure 5.5: Bi-dimensional representation of the vessela) in its domainb). The green
lines represent the dimensions of the sketch. The accumulation of green lines in the

bottom is used to dimension the combustor nozzles.

Next, the bottom side of the domain is divided into short segments in order to create

the inlets for the nozzles of the combustor, as seen on Figure 5.8. Being a pool �re a non-

premixed combustion, that is when the fuel and oxidizer are not mixed before reacting, two

types of inlets are designed, one for the fuel and one for the air inlet streams. After running

the �rst simulations, it was discovered that a smaller size of the nozzle's would favour a

more stable �ame. Because of that, the fuel nozzle's diameter is set to 1.5 cmwhile the one

for the air is 2.5 cm. The totality of the nozzles give a pool �re with a width of 2 m.
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Figure 5.6: a) An illustration of the nozzles located under the tank.b) The �nal
geometry ready to be meshed.

The CAD design was �nished by generating the inventory, shell and domain surfaces

from their respective sketches, specifying whether they were to be considered a �uid, as in

the case of the inventory and domain, or a solid, as for the shell.

5.3.6 Geometry Meshing

By applying the �nite element discretization method, the software is able to virtually divide

a surface or a volume into multiple single elements. Since the accuracy of the successive

calculations depends on the de�nition of the meshing grid, it is important to have a mesh

which is the as homogeneous as possible. After importing the �nished geometry, several

settings and modi�cations have to be con�gured to generate the mesh. Firstly, the Physics

Preferenceand Solver Preference, in the Meshoption from the model tree, are set to CFD and

Fluent, respectively. The Smoothingoption is then set to High to increase not only the quality

of the grid but also how it adapts to the geometry. Now each surface, all characterized by

different dimension magnitude, has to be assigned a meshing method and an element size,

with caution so as not to input too different values to avoid excessive discrepancies at the

interfaces between the different grids. It was found out that the optimal meshing method

was the triangular one, able to conform to the curvilinear geometries. Figure 5.7 shows the

fully meshed surfaces.
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Figure 5.7: The �nal mesh.

The Element Qualitydisplay style, available from the mesh panel, allows to check for

the overall quality and homogeneity of the grid in relation to a scale, as seen on Figure 5.8.

Figure 5.8: An image of the quality scale next to an enlargement of the shell's wall
interfacing the �uid domain and the inventory. The high quality of the mesh can be

appreciated.

In order to easily de�ne the zones characteristics and the boundary conditions in the

physics setup, each surface and vertex of the whole model's geometry is named with the
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Named Selectionsfunctionality. Particular attention has to be paid to the selection and de-

nomination of the surfaces' interfaces. In fact, to relate the interface between two surfaces,

seen as a line, it is necessary to alternatively hide each surface in order to expose only one

of the coincident lines, selecting the vertex of the one remaining and naming it. Figure 5.9

shows the full list of named selections.

Figure 5.9: The named selection list.

5.3.7 Fluent CFD

Fluent is one of the computational �uid dynamics platforms provided by ANSYS. It is the

�nal tool, which is able to run a simulation and allows to choose which physical phenomena

will intervene and where they will take place with respect to the simulation environment.

CFD Solvers

The available solver settings provided by ANSYS Fluent to set up the simulation physics

are brie�y explained next. This allows the reader to gain a general understanding of the mat-

ter and understand the selected settings for the physic's setup [18].

Iterative Solvers

� Pressure-Based: it has momentum and pressure as primary variables and is suitable

for numerous �ow regimes without being computationally heavy and being �exible

at the same time. It is provided with two algorithms which are the segregated and the

coupled solver (PBCS). The �rst type solves for pressure and momentum sequentially

while the second one does it simultaneously.
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� Density-Based Coupled Solver (DBCS) : the transport equations are solved in vector

form while pressure is obtained by means of the equation of state. Its use is suggested

when there is a strong dependency between the conserved variables such as for high

speed compressible �ows or hypersonic �ows.

Interpolation Methods

In order to calculate the value of the �eld variables from the center of the cell to the faces

of the �nite volume, interpolation methods are applied in the discretization of the problem.

� First-Order Upwind : it has a �rst-order accuracy but it is also the easiest method to

converge.

� Power-Law : compared to the First-Order Upwind is more accurate but only for the

case of laminar �ows ( Recell<5).

� Second-Order Upwind : it has a second-order accuracy and is indicated when the �ow

is not aligned with the grid or when the mesh is triangular or tetrahedral. Conver-

gency is reached slower.

� Monotone Upstream-Centered Schemes for Conservation Laws (MUSCL) : charac-

terized by a local third-order discretization scheme for unstructured meshes which

results in more accurate predictions of whirling �ows or secondary streams.

� Quadratic Upwind Interpolation for Convective Kinematics (QUICK) : suitable for

quadratic or hexahedral meshes offering a third-order level of accuracy for structured

grids.

Gradients

The gradients of the computed variables have to be considered to assess diffusive �uxes

or velocity derivatives. The faces' values are computed by means of a Taylor multidimen-

sional series expansion while the ones at the cell centers are can be calculated as follows:

� Green-Gauss Cell Based: set as default, possibility of false diffusion happening.

� Green-Gauss Node Based: more accurate than the Cell-Based, indicated for triangular

or tetrahedral meshes.

� Least-Squares Cell Based: same precision as the Node-Based gradients but it is rec-

ommended for the polyhedral grids.

Interpolation Methods for Face Pressure

� Standard: default scheme. It should not be used when high pressure variations are

present in the �ow.

� PRESTO!: suitable for highly swirling �ows or characterized by highly variating gra-

dients in pressure.
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� Linear : only to use when convergency is problematic or unphysical behaviours are

simulated.

� Second-Order : used to simulate compressible �ows.

� Body Force Weighted : useful when highly swirling �ows or natural conveyed �ows

with high Rayleigh numbers are simulated.

Pressure-Velocity Coupling

When using the Pressure-Based solver, pressure, or its correction, is computed by means

of an algorithm which derives its equation from the combination of the continuity and mo-

mentum transport equations.

� Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) : set as default, very

robust scheme.

� SIMPLE-Consistent (SIMPLEC) : for simpler problems, such as laminar �ows appli-

cations, allows a faster convergence.

� Pressure-Implicit with Splitting of Operators (PISO) : indicated for problems with

turbulent �ow regimes and irregular mesh and big step-sizes simulations.

� Fractional Step Method (FSM) : similar characteristics to PISO except for the use of

the Non-Iterative Time-Advancement Scheme (NITA). The NITA scheme, differently

from the ITA scheme (Iterative Time-Advancement Scheme), instead of eliminating

the splitting error, which is the error resulting from the segregated solutions of each

time step, it reduces it to the same magnitude of the truncation error (the error caused

by the spatial discretization).

Chosen Solvers and Algorithms

The chosen settings for each of the above categories are listed below:

� Iterative Solvers, Pressure-Based: preferred among the DCBS Solver for being com-

putationally sustainable and �exible enough to describe the turbulence of the outer

combustion reaction.

� Interpolation Methods, Second-Order Upwind : chosen for its level of accuracy and

the fact that is particularly indicated for triangular meshes.

� Gradients, Green-Gauss Node Based : as with the Second-Order Upwind interpola-

tion method, Green-Gauss Node Based is usually applied to triangular grids and is

characterized by a higher precision than the Cell Based gradient.

� Interpolation Methods for Face Pressure, Second-Order : selected because of its accu-

racy in the computation of compressible �ows.

� Pressure-Velocity Coupling, SIMPLE : chosen because of its robustness and higher

computational stability observed from the performed simulations.
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Simulation's Physics Setup

From the Generaltab in the Setupmodel tree, the solver time is set to Transient and

the gravitational acceleration speci�ed along the y-axis in the negative direction. Now, the

transport equations that will have to be solved to simulate the vessel engulfed by a pool �re

are selected. The energy equation together with the standard k-e viscous model (standard

wall function for the near wall treatment), the P1 radiation and the non-premixed combus-

tion models are enabled as shown on the model overview displayed in Figure 5.10.

Figure 5.10: The models selection list.

To correctly set up the non-premixed combustion, it is necessary to input the chemical

formula of the fuel component in the boundary species and specify its molar fraction (in case

it is a mixture of fuels) as well as for the oxidizer stream. This is shown in Figure 5.11. After

generating the PDF Tableof the combustion reaction, and saving it, the material properties

can be input.
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Figure 5.11: The con�guration panel for the non-premixed combustion model.

Moving on, the material and composition is speci�ed for the shell and the inventory.

By opening the Create/Edit Materialspanel it is possible to select the type of �uid or material

from the Fluent Database. Stainless steel was assigned to the shell's material while n-butane

was assigned to the inventory. Since the default properties of each material or �uid are

given as constants, in order to obtain a precise value of the heat �ux, the main properties

of butane such as density, speci�c heat capacity, thermal conductivity and viscosity, had to

be made variable. It is important to note that the properties' de�nition is widely and often

discussed by CFD users as a critical and complex aspect of the simulation, and also that

ANSYS does not provide or has implemented a real solution to the issue yet. As it was done

for the gaseous mixture in the �rst part of the project, a p-T dependent polynomial regres-

sion was attempted. For this, three options were approached: programming a User-De�ned

Function (UDF), de�ning the �uid's properties in the Engineering Dataapplication or linking

the Fluent solver to an Excel spreadsheet to directly read the value of the properties based

on the input operating conditions. These lines were developed for a signi�cant amount of

time, but eventually proved unsuccessful for different reasons. The UDF, which needed to

be written in C programming language, was supposed to output the properties' values as

a function of the pressure and temperature inputs from Fluent by means of double indexed

arrays. Signi�cant time was spent on the script but in the end, considering the complexity

and the available time remaining, it was �nally abandoned. Regarding the second and third

options, no solution was found either. The Engineering Datautility allows for the user to

specify properties depending on one variable, but due to the high amount of data points,

the program's memory would saturate, massively slowing its performance. As for the Excel-

linking possibility, a circular reference error was displayed every time the calculation loop
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was to be closed. This meant the utility was not prepared for loops of a feedback type. It was

�nally decided to perform only a T-dependent model for the properties, having checked that

pressure has a limited impact on the variation of these properties. The Create/Edit Materials

window in which material properties are de�ned is shown in Figure 5.12. Above it, a detail

of the window for the de�nition of the coef�cients for the polynomial regression is shown.

Figure 5.12: The Create/Edit Materials panel with the properties of n-butane de�ned
by polynomial regressions.

On the next step, the cell zones conditions are con�gured. These are characterized by

the type of region that may be Fluid, Solid or Mixture, and the connected type of �uid or

material. In Figure 5.13 it is possible to see the three zones previously named as domain,

inventory and shell, on the Named Selectionsutility from the meshing application.
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Figure 5.13: The cell zone conditions list with the shell's settings panel on the fore-
ground.

Successively, the �ow inlets for the combustion together with the geometry interfaces,

the environments boundaries and outlet are de�ned by means of the boundary conditions

panel. Both the fuel and air inlets are set to mass-�ow inletand the direction speci�cation

method as Normal to Boundary(Figure 5.14). To specify whether an inlet is for fuel or air, a

value of 1 or 0 is input in the Mean Mixture Fractionbox in the species tab, respectively. The

value of mass �ow for both streams is calculated with a MATLAB script included in Section

12, Appendix C, and based on the theory explained in Section 5.2.
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Figure 5.14: The boundary conditions list with the fuel inlet settings panel in the
foreground.

At this point the previous de�ned interfaces are coupled. The inventory interface is

associated to the inner wall of the shell while the outer wall will be associated to the �uid

domain. Furthermore, the two meshed interfaces are set to Coupled Wallto link adjacent

zones together, a critical step to allow the program to perform the heat transfer calculations

with continuity across zones. This is shown in Figure 5.15.
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Figure 5.15: The meshing interface panel.

Moving on to the Solution Methodspanel, the solver settings for the Pressure-Velocity

Couplingand the Spatial Discretizationare set as explained in the previous section.

Figure 5.16: The solution methods panel.
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Proceeding to the Solution Controlstab, it is possible to change the under-relaxation fac-

tors. The under-relaxation factors can be seen as stabilizing parameters applied to the calcu-

lated values of the conserved variables for each iteration, with the aim of helping and accel-

erating convergence. Usually under-relaxation factor modi�cations are applied to turbulent

and unsteady �ows where the solutions of the transport equations tend to variate greatly

from one iteration to another. It means that, depending on how much an under-relaxation

factor is lowered, the solver will stabilize the oscillations of the related solution and favour

convergence or not. One of the most problematic issues encountered while running the sim-

ulations was the instability of the pool �re �ame. In fact, due to the intense buoyancy driven

�ows forming eddies of warm and cool air in the proximity of the �ames, the �re was usu-

ally strongly tilting and extinguishing after a few seconds. Eventually the simulation would

have diverged and stopped. For this reason, multiple attempts were made to stabilize it by

adjusting the mass �ows of the reactants, the size of the nozzles and by gradually decreas-

ing some of the factors in relation to the trend of the scaled residuals. The scaled residuals

correspond to the error associated to each of the calculated conserved variables and are plot-

ted in order to have a history record of convergence. The �nal con�guration of the Solution

Controlsis shown in Table 5.1.

Table 5.1: Relaxation factors values input and their deviation from the default values.

Under Relaxation Factor Value Variation from Default

Pressure 0.3 0

Density 1 0

Body Forces 1 0

Momentum 0.695 -0.005

Turbulent Kinetic Energy 0.78 -0.02

Turbulent Dissipation Rate 0.78 -0.02

Turbulent Viscosity 0.99 -0.01

Energy 0.99 -0.01

Temperature 1 0

P1 0.99 -0.01

Mean Mixture Fraction 0.98 -0.02

Mixture Fraction Variance 0.88 -0.02

Before starting the simulation, initialization is required. In the Solution Initialization

panel, after the initialization has been done, it is possible to Patchthe initial conditions of

the simulation environment, such as temperature, pressure and other parameters depending

on the aim of the simulation. Figure 5.17 showcases and example of this, patching the mean

mixture fraction of the �uid domain, the temperature for the domain, vessel and inventory

and the pressure of the latter.
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Figure 5.17: The Solution Initialization and Patch panels.

The simulation is now ready to be run. Being it a transient simulation, the step size,

the number of steps and the number of iterations per step have to be speci�ed. Different

graphics can be chosen to be displayed during the runtime of the simulation, in order to

track its progress. Heat �ux data versus time is recorded during the simulation by means of

the Report De�nitions. This is the most useful data obtained from the CFD simulation, which

is then used for the Aspen HYSYS depressurization simulations.

5.3.8 Simulated Case Scenarios. Part II

A storage tank of n-butane was chosen as the simulation case, which was performed at dif-

ferent pressures (4, 6 and 8 bar) for a range of diameters (1, 2 and 3 m) and its associated

lengths to maintain an L/D ratio of 3. For each case, the heat �ux data to be input into the

HYSYS depressurization tool had to be obtained by two simulations. The reason for it lies

in the fact that ANSYS Fluent does not allow to simulate at the same time two regions both

characterized by turbulent �ows (the domain where the combustion is taking place and the

convective currents in the inventory), when one is also a multiphase system (in this case

the inventory, as the �uid being stored is in VLE conditions). To overcome the limitation

and still reproduce the multiphase inventory, the general simulation was divided into two

sub-simulations. In the �rst one, a fully liquid inventory was simulated taking it to boil-

ing conditions in order to get accurate data regarding the heat up stage of the tank. For

the second one, multiphase models included in Fluent such as Volume of Fluid(VOF), Mix-

ture or Eulerianwere enabled. However, it was discovered that the models available could

only support one �uid domain which could not be enclosed, making the simulation of the
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tank's inventory not possible. Finally, while maintaining the fully-liquid simulation, it was

decided to perform a fully gaseous one at relieving conditions. The aim of conducting the

second simulation at relieving conditions was to increase the precision of the relief load cal-

culations on which the valve's size is strongly dependent. As will be explained later on in

Section 5.4.3, the heat �ux data of both simulations was used to de�ne another equation in

the HYSYS Depressuring utility for each case, able to compute the total heat �ux to the outer

wall of the vessel, with time and internal wetted area of the tank as the independent vari-

ables. In Table 5.2 are shown the different diameters together with the operating pressure

and the related thicknesses of the vessels for each case scenario that will be simulated.

Table 5.2: Heat up time and average wetted and unwetted heat �ux results for each
simulated case scenario.

Diameter ( m) Operating Pressure ( bar) Thickness ( mm)

1

4 10.0
6 10.0
8 12.0

2

4 12.0
6 16.09
8 21.52

3

4 16.04
6 24.13
8 32.28

5.4 Aspen HYSYS V9

Aspen HYSYS is a chemical process simulator widely employed in both the industrial

and academic environment to design, size and simulate operating process equipment units

as well as chemical plants. The software counts with physical and mathematical models to

perform mass and energy balances, heat and mass transfer as well as thermodynamic prob-

lems such as vapor-liquid equilibrium calculations and material properties determination.

The user is allowed to conduct either steady-state or dynamic simulations depending on the

nature of the application considered and analyze the performances by the use of case studies

and optimization tools.

5.4.1 Depressurization Modelling

The objective of this part is to calculate the valve size needed for the application under study

by two different means: one simplistic model employing the well-known Stefan-Boltzmann

�re equation and a simple wall heat balance, and a much more detailed model using data

from the CFD simulation, as explained on Section 5.3. In both cases, the tool used to model

the depressurization is the built-in utility in process simulator Aspen HSYSYS, and most
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of the settings such as sizing, valve parameters and operating conditions are common to

both approaches. However, in the Heat Transfer tab two completely different approaches

are taken, as is explained in Sections 5.4.2 and 5.4.3.

In Aspen HYSYS Depressuring utility, valve size is a required input for the model to run,

and therefore not an output value. The determination of the optimal valve size is done

by observation of the strip charts output by the utility during the run-time. If the valve

is too small, it will not be able to handle all the relief inventory required to maintain the

pressure inside below the set pressure, translating into a maximum pressure peaking above

the design pressure. An example of this is shown in Figure 5.18:

Figure 5.18: a) Adequately sized valveb) Inadequately sized valve.

By adjusting the valve size according to the behaviour observed on the strip chart, the

minimum size that ensures that the pressure remains within design limits can be reached.

5.4.2 Stefan-Boltzmann Fire Modelling

Aspen HYSYS has a Fire Stefan Boltzmann setting con�gured by default into its Depres-

suring utility, which solves the heat transfer on the outside of the vessel in relation to the

emissivity of the �ame, emissivity of the vessel and both ambient and �ame temperatures.

Ambient temperature is set to 25� C, while the �ame temperature for a pentane pool �re is

estimated as2000� C, which is in line with the values observed during the CFD simulations

[19]. As for the �ame emissivity, studies exist that correlate the �ame temperature ( Tf ) to

its emissivity, such as the one performed by S. Sudheer and S.V. Prabhu [20]. The following

�gure offers an equation on the basis of the regressed experimental data:
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Figure 5.19: Dependency of temperature on emissivity for gasoline pool �re. Repro-
duced from [20] with permission.

Figure 5.19 offers two equations, the �rst one for the �ame emissivity combined with

black body emissivity ( #t) and the second one only for �ame emissivity ( #f ). The latter is

chosen for the purpose of the simulation, as shown on Equation 5.27:

Tf = 836.45� #� 0.48
f (5.27)

By solving for #t , the value of emissivity for a 2000� C �ame is obtained, being 0.2304,

value which will be used throughout the Fire Stefan Boltzmann cases. Regarding vessel

emissivity, a value dependent on the material, the chosen value is 0.7, which is in the range

for stainless steel emissivities [21]. The Depressuring utility also accounts for the conduction

across the vessel wall, for which metal and insulation (if present) properties are required, as

well as a convection model for the inside of the vessel which uses standard correlations and

�uid properties for the dimensionless parameters required to model convective heat transfer

mechanics. These are kept as default, since the utility provides common values of properties

for the selected material.

5.4.3 CFD Fire Modelling

The heat �ux results from the CFD simulations serve as the main input for the depressuriza-

tion modelling, which aims to determine the size of the valve required to handle the boiling
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liquid in the inventory. Due to the complexity of the heat-up behaviour of the vessel, di-

vided in different stages in the CFD simulation, the utility needs to be adapted in order to

perform the depressurization in the most accurate way possible. The most �exible tool of-

fered by the Depressuring utility is a spreadsheet which allows for complex heat transfer

models implementation. This differs radically from the Fire Stefan Boltzmann approach,

which requires no more than 4 parameters, as explained above in Section 5.4.2.

The way the spreadsheet performs the calculations on the basis of the CFD data is ex-

plained next. The heat transfer is divided into two stages using different approaches to cal-

culate the heat �ux at each point in time. In the �rst stage, a time-dependent heat-up model

is applied, while on the boiling stage a wetted-area-dependent model is used. However,

as explained in Section 5.3.8, the CFD simulations could only be performed on full-liquid

or full-vapour conditions, not for mixtures. This means that the heat model input into the

Heat Transferspreadsheet needs to account for the wetted and unwetted areas of the vessel

on each iteration of the integrator time. Although Wetted Areais a parameter automatically

calculated by the utility, problems were encountered when using this value since it did not

seem to update on each iteration. The proposed alternative calculates this wetted area (Aw)

from the liquid level, which is a variable obtained after each time step. This equation is

shown below:

Aw = L � D � cos� 1(1 � 2 �
h
D

) (5.28)

Where L is the length, D is the diameter and h is the liquid level. The wetted area is

then used to calculate an average wall heat �ux, weighted to account for the wetted and

unwetted areas of the vessel, accounting for the particular heat �uxes to each of these areas.

Heat-up Stage

As explained before, a time-dependent function is employed, by using regressed data

from the CFD simulations. The heat model resorts to this function as long as the integrator

time is lower than the set time, value taken also from the CFD simulation, which determines

the time it takes for the inventory to reach boiling conditions, in which a different model

applies. The generic equation which is used in the spreadsheet cell that calculates the heat

�ux under heat-up conditions follows the expression below:

Q = 3.6� ((Polynomial Regression) � Aw + Qu � (A t � Aw)) (5.29)

Where Aw is the wetted area, Qu is the unwetted heat �ux and A t is the total area of the

vessel.
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Boiling Stage

For the boiling stage, a similar method is applied, by performing a weighted average of

the wetted area and unwetted area heat �ux, according to the simulations performed on the

CFD analysis. In this case, since both temperature and pressure are constant at boiling con-

ditions, the steady wetted and unwetted heat �uxes obtained under this conditions are used.

The resulting generic Equation 5.30 is similar to Equation 5.29, substituting the Polynomial

Regressionterm for the steady wetted and unwetted heat �uxes, Qw and Qu respectively:

Q = 3.6� (Qw � Aw + Qu � (A t � Aw)) (5.30)



58

6. Results and Discussion Part I. On the ad-

equacy of API 521

The results shown on this part of the chapter belong to the paper published during the

course of this project. Although most �gures and tables have been remade in order to �t the

format of this project, the source data remains part of the publication work [13].

6.1 Convective Heat Transfer Coef�cient

The trends of the convective heat transfer coef�cients calculated to determine the con-

vective heat gained by the inventory are shown in this section, as seen on the �gures below

for each of the four diameters (0.5 m, 1 m, 2 m and 3 m) for the lowest and the highest op-

erating pressures (5 bar and 115 bar). Choosing the lowest and highest pressures for the

range studied allows for a better comparison and discussion of the observed evolution, as

depicted on Figures 6.1, 6.2, 6.3 and 6.4.

Figure 6.1: Convective heat transfer coef�cient for:a) 0.5 m diameter, 15 bar design
pressure and 5 bar operating pressure;b) 0.5 m diameter, 135 bar design pressure and

115 bar operating pressure.

Figure 6.2: Convective heat transfer coef�cient for:a) 1 m diameter, 15 bar design
pressure and 5 bar operating pressure;b) 1 m diameter, 135 bar design pressure and

115 bar operating pressure.
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Figure 6.3: Convective heat transfer coef�cient for:a) 2 m diameter, 15 bar design
pressure and 5 bar operating pressure;b) 2 m diameter, 135 bar design pressure and

115 bar operating pressure.

Figure 6.4: Convective heat transfer coef�cient for:a) 3 m diameter, 15 bar design
pressure and 5 bar operating pressure;b) 3 m diameter, 135 bar design pressure and

115 bar operating pressure.

For all cases, it is possible to notice how, from an initial increase and a peak in the

�rst few minutes, the convective coef�cient always decreases reaching a value tending to

constant as time goes by. The more or less pronounced the slope is, depends primarily on the

following three factors: increasing temperature, vessel size and the inventory pressure. The

increasing temperature, along with the initial and substantial gap in temperature between

the shell and the inventory, makes the coef�cient to initially rise and successively decrease

when the temperature of the inventory approaches the temperature of the inner wall. The

vessel size, characterized by the diameter, determines the quantity of inventory stored along

with the time needed for it to increase its average temperature. Finally, pressure has a direct

in�uence on the properties of the mixture and therefore on the convective �ows taking place

in the vessel, as it is seen from comparing �gures a) and b) for the different diameters. Table

6.1 summarizes the minimum and maximum values of the calculated coef�cient for each

case.
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Table 6.1: Minimum and maximum values of the convective coef�cient for each di-
ameter and pressure case scenario.

Diameter ( m)
Designed Pressure

(bar)

Operating Pressure
(bar)

hmin (W/m2K) hmax (W/m2K)

0.5

15 5 8.8 12.7
15 10 8.8 12.9
45 15 8.8 13
45 35 8.8 13.3
135 45 9.1 13
135 115 9.1 14.1

1

15 5 8.3 12.5
15 10 8.3 12.7
45 15 8.4 12.3
45 35 8.4 12.8
135 45 9 16.6
135 115 9.6 13.4

2

15 5 8 12.3
15 10 8.1 12.4
45 15 8.8 12.1
45 35 9.3 12.5
135 45 7.6 12.3
135 115 9.1 12.4

3

15 5 8.3 12.2
15 10 8.6 12.3
45 15 8.6 12.1
45 35 8.9 12.4
135 45 6.7 12.3
135 115 8.1 12.3

The convective coef�cient values were con�rmed to be in the expected range for gaseous

mixtures, between 0.5 W/ m2K and 28 W/ m2K [22].

6.2 Rupture Case Scenarios

Multiple MS Excel spreadsheets were set up as explained In Section 4.3.4, implementing

all the parameters to be taken into consideration in order to determine the rupture behaviour

of the vessel under study. For each diameter, three different design pressures were studied,

evaluating each of them at two different pressures. This accounts for a total of 24 scenarios,

each of them with a parallel pool �re and jet �re study. The obtained plots combine the stress

analysis with the depressurization analysis, where the von Mises stress and the allowable

tensile strength (ATS) are represented. The point where these two lines cross each other,

marks the rupture time of the vessel. Due to the high amount of studies conducted, showing

the �gures for each of them has been deemed unnecessary. Instead, two representative cases

will be shown and the �nal results will be displayed on Table 6.2. Figure 6.5 represents the

results for the vessel with 0.5 mdiameter and 45 bardesign pressure, operating at both low

and normal pressures for both a jet �re and a pool �re scenarios:
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Figure 6.5: Results for 0.5 m diameter vessel, for a 45 bar design pressure.a) Jet �re
scenario at 15 bar;b) Pool �re scenario at 15 bar;c) Jet �re scenario at 35 bar;d) Pool

�re scenario at 35 bar. [13]

The �gures display the vessel pressure, as marked on the right axis, and temperature,

von Mises stress and ATS as seen on the left axis, as a function of time. Combining the

pressure, von Mises stress and ATS lines, the most relevant data obtained from the study is

reached: the relief time (as the point in time where pressure stabilizes) and the rupture time

(as the intersection between the von Mises stress and the ATS). Figure 6.5 is very represen-

tative in a way which visually shows the whole point under study. It can be seen in all four

sub�gures that the relief time is located past the rupture times. Therefore, in these cases

the vessel survivability time is not increased by the installation of a PSV. Particulary for the

low operating pressures (Figures 6.5a and 6.5b), rupture happens well before the PSV has

relieved any of the inventory. By comparing jet �re scenarios (Figures 6.5 a and 6.5c) versus

pool �re scenarios (Figures 6.5b and 6.5d) it is deducted that for the former, rupture takes

place before than for the latter.

Figure 6.6 shows the results corresponding to a 3 m vessel and135 bardesign pressure,

operating at both low and normal pressures for both the jet �re and pool �re scenarios:
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Figure 6.6: Results for 3 m diameter vessel, for a 135 bar design pressure.a) Jet �re
scenario at 45 bar;b) Pool �re scenario at 45 bar;c) Jet �re scenario at 115 bar;d)

Pool �re scenario at 115 bar. [13]

In Figure 6.6d, in contrast to all the sub�gures in Figure 6.5, it is seen that the rupture

time is located past the relief time. In this case, the PSV is proved to effectively delay rupture

time, therefore increasing its survivability. While the rupture occurs at 68 minutes, relief

takes place 33 minutes after the start of the �re. For the low operating pressure scenarios

(Figures 6.6aand 6.6b), the relief pressure is not even reached after 120 minutes of simulation

time, with rupturing occuring well before that. For high operating pressure under jet �re

conditions (Figure 6.6c), relief conditions are reached at 33 minutes, while rupture takes

place at about 19 minutes.

When comparing Figures 6.5 and 6.6, it is observed that vessel survivability is higher

for the second case, due to the thicker wall as a result of the higher design pressure. It

must be noted that insulation would have a similar effect in the rupture times, but this is

ineffective for high-momentum �ames such as a jet �re. Additionally, some general trends

can be deducted from both �gures: for low pressure operating conditions, rupture occurs

well before relief takes place, while jet �re rupture times are lower than in pool �re scenarios.

Table 6.2 summarizes the most relevant results obtained for the 24 cases studies, in-

cluding the relief temperature, relief time and rupture times for both the jet �re and pool �re

scenarios. The last column refers only to the pool �re scenario since it was found out that in

all but one of the jet �re cases, rupture took place before relief.
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Table 6.2: Compiled results for the 24 simulations performed. [13]

Vessel Geometry and Design Data Dynamic Simulation Output Data Rupture Evaluation

Diameter
(m)

Design
Pressure

(bar)

Operating
Pressure

(bar)

Time to
Relief
(min)

Initial
Relief
Temp.

(� C)

Pool
Fire

Rupture
Time
(min)

Pool
Fire

Pres. at
Rupture

(bar)

Jet Fire
Rupture
Time
(min)

Jet Fire
Pres. at
Rupture

(bar)

Relief
Valve

Activation
(Pool
Fire)

0.5

15 5 9.9 679.08 7 13 2 6.4 FAIL
15 10 3.2 202.87 7 15 3 14.5 OK
45 15 11.6 645.03 3 20.7 1 15.6 FAIL
45 35 3 124.59 2 39.6 1 36 FAIL
135 45 21 550.36 14 67.3 8 52.9 FAIL
135 115 4 78.54 12 135.1 6 126 OK

1

15 5 14.5 679.02 10 8.5 4 5.6 FAIL
15 10 4.8 202.89 6 12.2 2 10.2 OK
45 15 24.2 644.94 12 20.6 6 16.4 FAIL
45 35 6.1 124.42 8 39.4 4 36 OK
135 45 46 135 30 66.5 14 50 FAIL
135 115 8.8 78.55 12 135.1 5 121.2 OK

2

15 5 28.9 678.96 8 5.9 4 5.2 FAIL
15 10 8.4 202.37 6 10.7 2 10.1 FAIL
45 15 54.7 644.84 22 19.2 12 16.2 FAIL
45 35 13.1 124.25 16 38.8 8 35.9 OK
135 45 107.3 550.28 76 52.3 28 48.9 FAIL
135 115 20 78.48 46 135.7 20 119.7 OK

3

15 5 47.8 678.91 12 5.9 6 5.2 FAIL
15 10 13.1 202.21 8 12.1 3 10.3 FAIL
45 15 -1 -1 32 18.5 14 15.6 FAIL
45 35 20.9 124.21 24 38.4 10 35.5 OK
135 45 -1 -1 112 50.8 42 48.2 FAIL
135 115 33.1 78.48 76 121.4 28 118.3 OK

1 No relief reached.

Finally, in order to display the results in a more visual way, the rupture and relief times

were combined together in a plot, including all diameters and all design pressures, for both

normal and low operating pressures, resulting in Figures 6.7 and 6.8. The bisecting line

between the axis represents the points where the rupture time exactly matches the relief

time. Below it, rupture happens before relief is achieved, while above it, relief takes place

before rupture.
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Figure 6.7: Combined rupture and relief time results for a pool �re. [13]

Figure 6.8: Combined rupture and relief time results for a jet �re. [13]

Figure 6.7 shows a more or less equal distribution of the circles above and below the

x-y line. It can be noticed that for normal operating pressures, most of the circles are lo-

cated above the line, meaning that the PSV extends the survivability of the vessel. On the

other hand, for low operating pressures, all the bubbles are located below the line, therefore

making the PSV ineffective for its intended purpose. Looking at Figure 6.8 the prospects are

worse. Only in four cases the circles are close to the line, while one is slightly above, mean-

ing that the increased survivability offered by the PSV is either insigni�cant or non-existent.

It can be concluded then that in the case of a jet �re, a PSV offers no protection at all.
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7. Results and Discussion Part II. Modelling

of a vessel under pool �re conditions

In this section, the results obtained for the simulated �ame, the heat �ux and the computa-

tional quality of the simulation itself are discussed.

7.1 CFD Simulation of a Vessel Engulfed by Pool Fire

In this section, the results obtained for the simulated �ame, the heat �ux and the com-

putational quality of the simulation itself are discussed.

7.1.1 Pool Fire Flame and Inventory Convective Flows

After correctly calibrating the simulation settings, as explained on Section 5.3, on the �rst

time steps of the simulation the �ame was observed to develop from the combustion of the

fuel and oxidizer streams. Figure 7.1 shows this development of the �ame in a timeline:

initially as two main �ames that in a few seconds merge together, fully engul�ng the vessel

and reaching a stable state of combustion.

Figure 7.1: The formation of the �ame for the 3 m vessel at 4 bar simulation. The time difference between
pictures is 1 second.

In contrast, Figure 7.2 displays the case of a �ame not achieving a stable state, instead

initially combusting but extinguishing to a mixture of non-reacting components.
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Figure 7.2: The case for �ame extinguishing instead of achieving a stable fully-developed state. Performed on
the 1 m vessel at 4 bar simulation. The time difference between pictures is 1 second.

The simulated pentane pool �res are shown below in Figures 7.3 and 7.4. The maximum

temperature reached by the combustion of the hydrocarbon was around 1900� C, which is in

line with other experimental values found in literature [23].

Figure 7.3: 1 m diameter vessel engulfed by pool �re �ames.
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