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Resumo

Na Análise de Risco de Explosão (Explosion Risk Analysis - ERA), os cálculos de

ventilação e dispersão usando a Dinâmica dos Fluidos Computacional (Computational Fluid

Dynamics - CFD) são geralmente considerados quando o nível de confinamento não pode ser

negligenciado. Na medida em que a análise de dispersão é considerada, abordagens alternativas

são procuradas quando um grande número de simulações é necessário. Definir muitos cenários

e simular todos eles nem sempre é adequado dentro do período de tempo do projeto de

engenharia real. Como resultado, modelos de dispersão semi-empíricos e vários procedimentos

baseados em abordagens estatísticas usando CFD foram propostos para melhorar a robustez e a

precisão da previsão do volume da nuvem de gás inflamável. Além do Método de Superfície de

Resposta (Response Surface Methodology - RSM) e do Método de Nuvem Congelada (Frozen

Cloud Approach - FCA), é conveniente abordar o problema da dispersão com base na física

subjacente à dispersão de um escalar na área dos processos químicos. Seguindo essa linha de

raciocínio, foram introduzidos dois modelos matemáticos que predizem a dinâmica de nuvens

acidentais depois de vazamentos accidentais de metano. Verificou-se que a nuvem inflamável

adimensional estava relacionada à taxa de vazamento acidental, velocidade do vento e do

fluido, por meio do equilíbrio entre o momento de liberação e o fluxo do vento convectivo.

Resultados numéricos sugeriram uma forma de onda senoidal praticamente alinhada com a

função seno cosseno, assim como no círculo trigonométrico. Esta observação está de acordo

com a rosa dos ventos a partir de dados meteorológicos. Os modelos matemáticos propostos

concordaram muito bem com os dados numéricos calculados usando a dinâmica computacional

dos fluidos para certas condições de vento. Finalmente, um caso de estudo considerando o

método de Monte Carlo observou-se uma boa aplicação dos modelos desenvolvidos.

Palavras Chaves: Análise de dispersão, previsão de nuvem inflamável, CFD,

teorema Pi Buckingham



Abstract

In Explosion Risk Analysis (ERA), ventilation and dispersion calculations using

Computational Fluid Dynamics (CFD) are usually considered when the level of confinement

and congestion cannot be neglected. As far as the dispersion analysis is considered, alternative

approaches are sought when a large number of simulations is required. Setting many scenarios

and simulate them all is not always suitable within the time-frame of real engineering design. As

a result, semi-empirical dispersion models and several procedures based on statistical approaches

using CFD have been proposed to improve the robustness and the accuracy of prediction of the

flammable gas cloud volume. Notwithstanding, the use of Response Surface Method (RSM)

and Frozen Cloud Approach (FCA), it is convenient to address the problem on the basis of

the physics underlying the dispersion of a scalar in the chemical process area. Following this

line of reasoning, two mathematical models were introduced for the prediction of accidental

flammable clouds after methane releases. It has been found that the dimensionless flammable

cloud was related to the accidental leak rate, wind speed, and fluid by means of the balance

between the release momentum and the convective wind flow. Numerical findings suggested

a sinusoidal waveform pretty much in line with sine-cosine function as in the trigonometric

circle. This observation goes in line with the wind rose from meteorological data. The proposed

mathematical models agreed very well with numerical data calculated using computational

fluid dynamics at certain wind conditions. Finally, one case of study considering Monte Carlo

method was used for the application of the proposed model.

Keywords: Dispersion analysis, flammable cloud prediction, CFD, Buckingham Pi

theorem.
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Chapter1
Introduction

“Science cannot solve the ultimate mystery of

nature. And that is because, in the last analysis,

we ourselves are a part of the mystery that we are

trying to solve"

Max Planck

1.1 Purpose

This work introduces a novel alternative to predict flammable gas cloud sizes. The

prediction is based on the physical mechanism that governs the accidental releases to evaluate

the resulting downwind transport that leads to large flammable gas cloud volumes. The primary

interest consists of study the flammable gas cloud by coupling Computational Fluid Dynamics

(CFD) with dimensional analysis.

This dissertation is concerned with developing a mathematical correlation to model

the dispersion phenomena with the same level of accuracy of CFD simulations. The focus is

not on the statistical, but on the underlying physics that governs the gas dispersion.

A two-deck semi-confined offshore platform module geometry is modeled, and

dispersion scenarios were performed by using CFD-FLACS (Flame Accelerator Simulator). The

proposed models are assessed, validated with statistical analysis, and implemented in a Monte

Carlo code to calculate the flammable cloud volumes. Findings show that models offer very

good agreement with CFD.

1.2 Gas Dispersion Analysis

Gas dispersion analysis is a technique for the prediction, evaluation, and prevention

of potential accidental losses of flammable or toxic materials prone to cause explosions or fire

events. One of the best approaches to evaluate flammable gas cloud volumes is the simulation
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of case scenarios using Computational Fluid Dynamics (CFD). In fluid mechanics, CFD is a

computational tool that uses numerical methodologies and algorithms to evaluate fluid flows.

This work uses FLACS (Flame Acceleration Simulator), a CFD software specialized

in process safety applications to predict the cloud volume through the Q9 method. This Q9

method gives the equivalent fuel air metric or the equivalent stoichiometric gas cloud volume

in FLACS (Q9).

In dispersion analysis, the evaluation of scenarios is carried out by determining

the most influential parameters. Some investigations (SHI et al., 2018b; AZZI et al., 2016;

QIAO; ZHANG, 2010; SHI et al., 2018a), confirmed that the leak rate, leak direction, leak

position, wind speed, wind direction, flow, and the release duration affect the cloud volume

dynamics. Moreover, Dasgotra et al. (2018) considered that the degree of congestion and the

wind boundary conditions are relevant factors influencing the gas cloud volume.

In this dissertation, the influential parameters considered are the flow (r), geometry

(A), wind speed (u), leak rate (q̇), wind direction (b ), and the leak direction (q ). This work

evaluated the relationship between the influential parameters with the flammable cloud volume.

The result of this evaluation led to two dimensionless numbers: a dimensionless volume V̂ and

a dimensionless leak rate R.

The final objective of this work is to reduce the computational time in dispersion

analysis and propose dispersion models to calculate the flammable cloud volume without

performing large numerical simulations.

The computational tool named McPEAS and an MS-Excel template were developed

by employing the Monte Carlo approach. With these tools, the flammable cloud volume was

calculated quickly for countless scenarios, giving good agreement with the CFD data.

1.3 This Dissertation Project

Throughout this dissertation, a numerical study of dispersion phenomena is presented.

Two models are suggested for flammable cloud volume calculations. These models have been

implemented in the McPEAS software. This software is a computational tool developed by the

Dr. Vianna’s laboratory at UNICAMP for probabilistic explosion analysis.

In summary, the structure of this work is organized as follows:
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Figure 1.1: The structure of this work

1.4 Objectives of This Work

1.4.1 General Objective

The primary objective is to develop a physics-based model to predict the flammable

cloud volume by considering numerical results from dispersion simulations and dimensional

analysis.

1.4.2 Specific Objectives

Specific objectives of this study are:

� Perform a dimensional analysis associating the influential parameters of a dispersion with

the gas cloud volume using the Buckingham Pi Theorem

� Develop a mathematical procedure to calculate the flammable gas cloud volume

� Implement the proposed procedure applying the Monte Carlo Method for flammable

cloud volume calculations
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1.5 Organization of this Dissertation

This dissertation discusses flammable gas clouds dispersed into the atmosphere

after accidental releases. A brief introduction is addressed in Chapter 1.

In Chapter 2, the basic concepts of gas dispersion phenomena and the parameters

influencing the cloud size are addressed.

Chapter 3 covers a review of models and methods used in predicting gas clouds.

Chapter 4 comprises the numerical analysis, the governing equations in CFD, and

why FLACS-CFD is widely used in safety applications. The numerical analysis shows how the

study and all the calculations were performed. Furthermore, application of the Buckingham Pi

Theorem is assessed as well as some considerations regarding the geometry.

Chapter 5 covers the numerical results and the mathematical model development.

Numerical findings obtained with the models are compared with the CFD data and then validated

with the MEGGE protocol. The models are developed based on the physical understanding of

the dispersion phenomena.

Finally, conclusions are presented in Chapter 6. This chapter summarizes all the

results obtained and give some recommendations for future work.

Each chapter gives a brief overview of the problem, and provides references for

more information.
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Chapter2
Fundamental Concepts

“Imagination is more important than knowledge.

Knowledge is limited. Imagination encircles the

world"

Albert Einstein

2.1 Introduction

The motion of a flammable cloud after accidental release is described by three

different regions: Source or isolated region, the dispersion region and passive dispersion (Figure

2.1). The isolated region covers different source scenarios present in a dispersion (e.g., jet

release with high-momentum, two-phase jet, total vessel failure, and leakages in pipes or vessels).

The dispersion region describes how environmental conditions affect the flow dynamics, and

the passive dispersion is mainly dominated by the surroundings (wind and weather conditions)

(DEVAULL et al., 1995).

This chapter provides some fundamental concepts of dispersion. It includes the main

stages associated with accidental releases and the importance of determining the influential

parameters in the cloud formation. It also gives a brief description of semi-empirical models

widely used to assess plume and puff events.

2.2 The Dispersion Phenomena: Gas leaks

In industry, gas leaks are likely to occur in confined spaces (e.g., offshore platform).

The initial discharge of a leak is a jet that forms a characteristic plume after mixing with air.

When the fluid disperses into the atmosphere, the clouds formed are under the

influence of the wind conditions, atmospheric turbulence, the buoyancy effects, and other major

environmental parameters. Likewise, according to CCPS (Center for Chemical Process Safety),

the main factors to consider in a dispersion analysis are the source definition, environment

conditions, type of release, and the determination of potential release scenarios.
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After a release takes place, the pressure difference between the environment and

the reservoir will determine the fluid phase (e.g., liquid, vapor, or both). When the pressure

difference is small, the flow is subsonic; however, if the pressure difference increases, the fluid

behaves like supersonic jet (DEVAULL et al., 1995).

Figure 2.1: Regions involved in a dispersion event for a continuous release.
Adapted from Chemical Process Safety: Fundamentals with Applications (CROWL; LOUVAR, 2011)

In Figure 2.1, an example of a jet is shown. The Figure represents the key regions

considered in the evaluation of the dispersion phenomena.

� The source or isolated region, in this region all the estimates are independent of the

environmental conditions. Also, calculations of the mass release rate, release duration,

fluid velocity, and fluid density are included

� The dispersion region considers the source, the module geometry, and all the environmental

conditions to calculate the release trajectory, dilution rate, and the evaporation rate of

the release

� In the dispersion region, the release condition is subjected to the wind field, which will

influence the cloud’s path and the dilution rate.

� The passive dispersion is mostly dominated by environment mixing where the source size,

the wind, and weather conditions define the final trajectory, and the entrainment rate.

It is important to highlight that in the passive dispersion region, the release is

governed by the atmospheric turbulence. Hence, the wind will have a limited influence on the

dilution of the plume, because the gas concentration will be lower than the gas concentration
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at the source of the release (DEVAULL et al., 1995). Thus, the dispersion scenario can be

defined by five parameters:

1. Source characteristics — composition, material mass in inventory, thermodynamic

properties, and geometry of the leak

2. Environment conditions — air pressure, wind speed, wind direction, atmospheric stability,

ambient temperature, relative humidity, obstructions, and ground conditions

3. Type of release — e.g., liquid, gas, vapor, multi-phase or aerosol

4. Potential sources scenarios — e.g., leak in a pipe or vessel, ruptures, and pool fire (liquid

evaporation)

5. Dispersion — implies the evaluation of the influence of density, source momentum, and

the atmospheric turbulence in the gas dispersion.

2.3 Flammable Gas Cloud Volume

Flammable clouds are formed after flammable gas leaks. When a flammable cloud

reaches an ignition point, the flame propagation is only possible if the mixing ratio of fuel air is

within the flammability limits.

The flammability limits are determined by the Lower Flammability Limit (LFL) and

the Upper Flammability Limit (UFL). To determine whether the cloud represents a potential

fire or explosion, the volume percentage (concentration) of the material released needs to be

within these limits.

If the fuel concentration is lower than the LFL, the fuel air mixture is too lean to

burn. Otherwise, if the fuel concentration is greater than the UFL, it will be too rich to burn

(ECKHOFF, 2016). Therefore, not all clouds are likely to ignite. On the other hand, they may

be responsible for toxic and health effects.

2.4 Parameters Influencing the Cloud Size

A variety of parameters are involved in a dispersion scenario. These parameters

are associated with wind speed, wind direction, leak rate, leak direction, leak location, leak

duration, and fluid density. In this section, some parameter’s definitions are given.
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2.4.1 Ventilation Rate

The ventilation rate is the net airflow passing through a certain region. This

parameter includes the influence of the wind direction and the wind speed on the module

geometry. It is affected by the presence of surface obstacles that disturb or deviate the flow

rate pattern.

Surface obstacles

The presence of obstacles may lead to recirculation zones due to a separation of

the boundary layer. This phenomenon plays an important role on the prediction of gas cloud

volumes. Thus, the roughness height and the vertical wind profile are more stable as the surface

conditions are less congested (i.e., from largely congested to flat surfaces) (DEVAULL et al.,

1995).

Wind direction and speed

The influence of the wind direction in the cloud formation varies with the geometry

configuration. In congested geometries, the equipment and large obstacles can block the

airflow.

For open areas, flammable or toxic atmospheres are reduced due to an increase in

the ventilation rate. In regions where the air is not in movement, gases can be accumulated

without dilution (SCOTT et al., 2011). This situation explains why the wind direction and

wind speed play an important role in the air fuel mixing ratio.

Atmospheric turbulence

Atmospheric turbulence is related to the irregular motion of the fluid flow. The

turbulence is the governing mechanism for the dilution (air fuel) into the atmosphere. In

dispersion, the atmospheric turbulence is evaluated by the Pasquill-Gifford stability classes

categorized under meteorological conditions (refer to Table 2.1).

Mechanical Turbulence and Class Stability

The mechanical turbulence indicates the effect of the roughness height on the wind

profile. The roughness is classified based on the type of area (e.g., flat, ice, urban, mountains).
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An increment of roughness height along with high values of wind speed will increase the grade

of turbulence in the atmosphere.

On the other hand, in stratified flows, vertical air density changes will affect

turbulent mixing.

The distribution of density variations depends on the atmospheric conditions of the

ground. These conditions are characterized by the averaged vertical density and temperature

as neutral, stable, and unstable, as illustrated in Table 2.1 (DEVAULL et al., 1995).

Table 2.1: Pasquill-Gifford stability classes based on atmosphere conditions (BURTON, 1998)

Pasquill-Gifford stability classes
Day with insolation Night

Surface wind speed (m/s) Strong Moderate Slight Overcast or > 4=8 low cloud 6 3=8 cloud
2 A A-B B - -
2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
6 C D D D D

A: Extremely Unstable; B: Moderately Unstable; C: Slightly Unstable; D: Neutral; E: Slightly Stable;
F: Moderately stable.

There are different methods to quantify the conditions in the atmosphere. One of

the most used for dispersion modeling is the Pasquill-Gifford method. This method classifies

the atmospheric stability by requiring an estimate of wind speed and the surroundings (day or

night).

The categorization of this method is from A to F (Table 2.1). Nonetheless, this

approach is valid only when the turbulence mixing dominates the dispersion, and when the

distances from the release cover from 0.1 to 10 km (CROWL; LOUVAR, 2011).

2.4.2 Gas Release

Gas density

Air density alters the turbulent mixing in the lower atmosphere. This parameter

represents the interaction of the buoyancy forces with the mixing ratio between air and gas.

Leak rate and direction

The leak rate relates to the amount of gas released over time, and the duration

is dependent on the reservoir volume, orifice size and differential pressure. When the leak
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direction is opposite to the wind direction, the interaction air-fuel will generate large clouds

due to the formation of recirculation zones (DEVAULL et al., 1995).
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Chapter3
Cloud Volume Prediction

“Science knows no country, because knowledge

belongs to humanity, and is the torch which

illuminates the world."

Louis Pasteur

3.1 Introduction

This chapter summarizes the models applied to gas dispersion (i.e., phenomenological,

statistical, neural, and CFD models). In this work, special attention is given to CFD models.

The literature review shows the studies performed using Computational Fluid Dynamics (CFD)

to develop procedures for the prediction of gas cloud volumes.

3.2 Phenomenological Models in Dispersion Analysis

3.2.1 Gaussian Models: Plume and Puff

After accidental leaks, a recirculated region is formed near the initial discharge that

allows the jet to mix with the air. Plume and puff models are experimental-based neutrally

buoyant models applied to gases at low concentrations and are used to estimate the downwind

concentration in accidental releases.

Plume models represent the steady-state concentration of a release from a continuous

source. This continuous release is similar to a smokestack, which forms a large plume, as seen

in Figure 2.1 (CROWL; LOUVAR, 2011).

On the other hand, puff models describe a temporal concentration from a single

release based on a specific volume of material. This is because a total rupture presented in a

puff event (Figure 3.1).

In this context, observing the phenomena, a plume can also be defined as a sequence

of continuous puffs. Hence, plumes can also be modeled with the puff models. The evaluation
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Figure 3.1: Puff formation after an instantaneous rupture
Adapted from Chemical Process Safety: Fundamentals with Applications (CROWL; LOUVAR, 2011)

of a plume using puff models is useful when the information requires a steady-state plume. In

other cases, when there is an interest in knowing the effect of the wind direction in the cloud,

plume models should be used.

Both plume and puff models describe the phenomena by calculating an average

concentration of the cloud volume under applicable conditions. These conditions are related to

wind characteristics, eddy diffusivity, transient or steady-state releases, and finally, the source

(CROWL; LOUVAR, 2011).

3.3 Review of Methodologies using CFD for Cloud

Predictions

A variety of methodologies have been used to predict flammable cloud volumes

after accidental releases. The methodologies include the development of dispersion models

(e.g., statistical, empirical, and integral) using CFD (FIATES; VIANNA, 2016; FERREIRA;

VIANNA, 2014; FERREIRA et al., 2019), and the novel Neural Network approach (SHI et al.,

2018a).

Likewise, the utilization of DEGADIS and FEM3A models has been considered. For

instance, Spicer & Havens (1996) analyzed the DEGADIS model sensitivity for the prediction

of gas releases and wind speed. For this investigation, the scope of the models showed some

limitations. The prediction with DEGADIS only considered the evaluation of near source

behavior, short distances around 100 m, and limited mass estimates.

On the other hand, Shi et al. (2018b) evaluated the complex relationship between
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the influential parameters and the flammable cloud. In this research, a dispersion event was

modeled with a robust polynomial equation by calculating several statistical features. The

features were associated with the total number of simulations, and the number of parameters;

however, the main disadvantage lied in the model accuracy depending on the number of

simulations performed.

Regarding the neural network applications for flammable cloud prediction, Shi et al.

(2018a) investigated the agreement of two data-driven models. The Bayesian Regularization

Artificial Neural Network (BRANN) and the Levenberg-Marquardt Artificial Neural Network

(LMANN) were examined. Shi et al. (2018a) compared three different numerical models

(BRANN, LMANN, and RSM) to study the dispersion in a congested geometry. They used a

systematic methodology (structured framework in five steps) to verify and assess the efficiency

of those techniques in dispersion modeling.

The developed BRANN model in the research, resulted in the most robust, more

accurate than FCA, and a good alternative for flammable cloud volume estimates. However,

transient values of Q9 (equivalent fuel-air cloud representation used in FLACS), Q6 (FLACS

parameter), and FLAM (Flammable cloud in FLACS) were not studied but recommended.

In the analysis of transient releases, Gupta & Chan (2016) proposed a methodology

using time-varying release rates, and reduce the time in performing an ERA (Explosion Risk

Analysis). Results showed that the use of a pseudo-transient analysis under predicts the Q9 for

smaller cloud volumes and over predicts the bigger ones.

Nonetheless, the accuracy of the model obtained in full transient release rates

relied only on representative sections in the facility (GUPTA; CHAN, 2016). This disadvantage

indicates that the methodology is not reliable, because the analysis of incidents in the facility

should cover all the potential areas. Moreover, the computational cost will increase considerably.

Another scheme in evaluating clouds was proposed by Jin & Jang (2018). The study

consisted in evaluating the cloud frequency distribution of the CFD simulations considering

time-varying leak rates. In this last research, the procedure was accurate, but the evaluation

of processes (constant or transient) for a gas cloud propagation without having a significant

increase in the total computational cost or any overestimation is still a burden to control.
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3.3.1 Final Comments

Most of the research work about dispersion phenomena are based on a statistical

approach and the consideration of the underlying physics is not clearly evaluated. Based on

this fact, some gaps in the field of dispersion modeling are listed:

� The models for cloud volume prediction are not robust. Some of them are only applicable

to certain conditions (e.g., phenomenological models)

� CFD analysis is expensive as it requires professional expertise and extensive computational

effort

� Lack of the physical understanding of the phenomena because the current applications

are mostly based on statistics
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Chapter4
Numerical Modeling in Gas Dispersion

“Education is not the learning of facts, it’s rather

the training of the mind to think."

Albert Einstein

4.1 Introduction

This chapter provides fundamental concepts related to the fluid flow that can be

used for numerical and mathematical modeling of the gas dispersion phenomena. It includes

the methodology in the numerical analysis, information about the FLACS CFD package applied

for dispersion simulations, and the application of the Buckingham Pi Theorem to perform a

dimensional analysis.

In this chapter, the numerical methodology comprises the geometry modeling, leak

conditions, scenarios performed for the dispersion analysis, and the setting up in FLACS.

4.2 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is the widely used numerical tool for

academics and industry to estimate and represent a physical phenomena.

CFD provides numerical solutions by calculating the governing equations for fluid

flows. These sets of equations given by the Navier-Stokes equations are the continuity equation

and some additional conservative equations.

Furthermore, CFD is also used for validation of experimental results and for industrial

applications in simulating real scenarios with a numerical modeling approach. Codes in CFD are

composed of different elements, including geometry design, pre-processing, and post-processing.

A CFD analysis includes five main steps that are associated with the numerical

procedure and the geometry under study:

1. Mathematical modeling — includes the understanding of the phenomena and identifying

the governing equations of the process
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2. Geometry — geometry design

3. Pre-processing — is subdivided into two main steps: grid construction and model set up.

The grid construction refers to the computational domain’s discretization; and the model

set up to the definition of the simulation conditions. Both based on the geometry design

and the mathematical modeling

4. Solver — solution of the governing equations

5. Post-processing — analysis of the results

The application of CFD to solve fluid dynamic problems is growing, especially for

experimental tests that cannot be easily performed on a real scale. This situation makes CFD

a reliable alternative for numerical calculations of fluid flows.

4.2.1 Governing Equations in CFD

In fluid mechanics, the governing equations for fluid flows obey the generalized

conservation principle. These conservative equations (e.g., mass, momentum, energy) are

applied upon the fluid under study.

Thus, by taking a variable f to represent a dependent general conservative variable

for all fluid flow equations in a differential form (PATANKAR, 1980):

¶ (rf)

¶ t
+div(rfu) = div(Gf grad f)+Sf (4.1)

Here, G(f) is the diffusion coefficient and S(f) the source term.

The variable f represents the quantities of mass fraction, enthalpy or temperature,

velocity component, or the ones related to turbulence (turbulence kinetic energy or turbulent

length scale). The employment of one of these variables will affect the variable S, the coefficient

G because both depend on the variable f .

Mass Conservative Equation

The conservation of mass considers that the mass variations into the control

volume must be entirely due to the inflow or outflow of mass through DV (VERSTEEG;

MALALASEKERA, 2007).
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Where from the sum of all flows in all areas:
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Now considering the flow mass rate rVA in the control volume,

¶

¶ t
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Z

cv
(fr~u )dA = 0 (4.4)

Applying Gauss’s divergence theorem,
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¶ t
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�
dV = 0 (4.7)

The continuity equation consists of two terms, a convective term as the net flux

through the boundaries of the control volume, while the transient term is the accumulation

term in the same control volume.

The mass conservative equation or the continuity equation in a differential form for

any f is given by:

¶ (fr)

¶ t
+div(fru) = 0 (4.8)

Momentum Conservative Equation

The momentum equation is the application of the second Newton’s law to an

element of fluid. This equation represents the momentum variation in respects to the fluid

acting forces.
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The total momentum in a volume V , is the integral volume for the product ru. At

any position in the surface, the force exerted by the fluid out of the volume is given by the

product between the pressure P and the area S of the face. Thus, it is:

¶

¶ t

Z
cv

r~udV +
Z

A
(r~uf) �~ndA =

Z
A
(rGf f) �~ndA+

Z
cv

Sf dV (4.9)

Applying Gauss’s divergence theorem,

Z
cv

¶ (r~u )

¶ t
dV +

Z
cv

div(rf~u )dV =
Z

cv
div(Gf grad (rf))dV +

Z
cv

Sf dV = 0 (4.10)

¶ (r~u )

¶ t
+div(rf~u ) = div(Gf grad (rf))+Sf (4.11)

The momentum equation consists of four terms:

The rate of change of f in the fluid element over time (transient term), the total

flow of f outside the fluid element (convective term), the increase rate of f due to viscous

forces (diffusive term), and the increase rate of f due to other forces (source term) (MALISKA,

2004).

Energy Conservative Equation

The energy equation has different applications depending on the process under study.

By considering a negligible dissipation factor, the energy equation is written as (PATANKAR,

1980):

div(ruh) = div(k grad T )+Sh (4.12)

Where k is the thermal conductivity and h the enthalpy, T the temperature and Sh

the volumetric rate of heat generation. Now, knowing that c grad T = grad h, the equation

becomes:
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div(ruh) = div
�

k
c
grad h

�
+Sh (4.13)

and with h = cT with c the constant-pressure specific heat, we have

div(ruT ) = div
�

k
c
grad T

�
+

Sh

c
(4.14)

The k� e turbulence model

The standard k� e model defines a velocity scale and a length scale by using k

and e . This model is considered numerically robust for some industrial applications, and the

transport equations are described as (ANSYS, 2011):

For k;

¶ (rk)

¶ t
+rk(Ñ �u) = div

�
ut

sk
Ñk
�

+ 2mtSi j:Si j +re (4.15)

For e ;

¶ (re)

¶ t
+re(Ñ �u) = div

�
ut

se

Ñe

�
+C1e

e

k
2mtSi j:Si j�C2er

e2

k
(4.16)

These two equations have a convective, diffusive, a rate of production and a rate

of destruction for both e and k (VERSTEEG; MALALASEKERA, 2007).

4.3 FLACS CFD tool for dispersion simulation

The Flame Accelerator Simulator (FLACS) is a specialized tool for safety applications

that performs engineering calculations based on a three-dimensional CFD code.

FLACS solves different transport equations for mass, momentum, enthalpy (h),

turbulent kinetic energy (k), rate of dissipation of turbulent kinetic energy (e), mass-fraction

of fuel (YF), and mixture-fraction (x ), considering the Favre-averaged transport equations, and

the finite volume method (FVM) (GEXCON, 2018).
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This tool also includes the standard k� e model to evaluate the turbulence effects

and the conservatives Reynolds Average Navier-Stokes (RANS) equations. All of them used a

structured rectangular Cartesian grid, which is the default configuration on FLACS. Moreover,

the determination of velocity, density, pressure, and temperature are upon staggered and

cell-centered grids.

The difference between FLACS with other CFD tools is that FLACS uses a

distributed porosity processor to represent complex geometries. The large objects are defined

on-grid, while the small ones as a sub-grid. This approach allows the porosity processor to

establish on FLACS an area and a volume to each cell grid. The area and volume attributed

include the sub-grid objects in calculations. This condition is helpful to simulate turbulence

generation conditions (GEXCON, 2018).

For dispersion simulations, FLACS represents the flow in the atmospheric boundary

layer forcing the wind speed, the wind direction, temperature, and turbulence parameters on

the inlet boundaries. This feature implies that the atmospheric profile must be set under the

influence of atmospheric stability classes (the Pasquill class or the Monin-Obukhov length)

(GEXCON, 2018).

The exposition to flammable materials due to confinement, increases the risk of

having loss of toxic or flammable chemicals in offshore platforms. The probability of the

formation of flammable or toxic clouds needs to be known (KANG et al., 2016).

In the case of flammable materials, when they are combusted, a gas explosion will

occur; as a result, blast pressure and all toxic gases dispersed would cause large losses (KANG

et al., 2016).

Considering these possible events, the software CFD-FLACS performs 3D large-scale

simulations to estimate the equivalent stoichiometric gas cloud volume (Q9) in a determined

facility for a process under study.

4.3.1 Calculating Stoichiometric Flammable Gas Cloud Volume

(Q9) in FLACS

In the study of accidental discharges, CFD-FLACS has been widely used to

evaluate the formation of flammable clouds. For dispersion analysis, FLACS can calculate the

stoichiometric fuel air gas cloud volume (Q9).

The Q9 model represented by the Equation 4.17 is a scaled volume that considers
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the laminar burning velocity and the volume expansion ratio.

Q9 =
å

n
i=1Vi[Ve(ERi)�1]ER f ac(ERi)]

max[Ve(ER)�1]ER f ac(ER) : ERLFL � ER� ERUFL]
(4.17)

Where ER is equivalence ratio, and Vi is the representation of the summation over

all the control volumes ith of the numerical grid inside the gas monitor region.

Furthermore, the fuel air is within the lower flammability limit (LFL) and the upper

flammability limit (UFL). That is ERLFL � ER � ERUFL; Ve(ERi).

According to Gexcon (2018), the Vi is the volume open for fluid flow in the control

volume, where ERfac (ER) (Equation 4.18) is between 0 and 1, SL is the laminar burning

velocity, and Ve = Vburnt
Vunburnt

.

ER f ac(ERi) =
SL(ERi)

max[SL(ER) : ERLFL � ER� ERUFL]
(4.18)

When ER = ERLFL or ER = ERUFL, ERfac (ER) is 0; for ER = ERtop, ERfac

(ER) is 1. For the flammable range, ERfac (ER) is the laminar burning velocity profile scaled

to the maximum of one, while it is zero outside the flammable range (GEXCON, 2018).

In Equation 4.17 and 4.18, the volume expansion ratio and laminar burning velocity

are two key factors for representing the inhomogeneous fuel air cloud as a homogeneous fuel

air cloud in Q9 model. Simulation results led to the equivalent stoichiometric gas cloud volume

(Q9) value, a scaled volume that considers the effect of burning velocity and expansion ratio.

4.4 Numerical Analysis of Gas Dispersion in FLACS

The dispersion analysis comprised the simulation of different scenarios of methane

release in an offshore platform. Overall, this study was performed in the following steps:

� Geometry modeling

� Evaluation of leak conditions

� Scenarios outline for FLACS simulations




