











ABSTRACT

The ever growing demand for natural gas has led to the discovery and
development of reservoirs in the most unreachable off-shore locations. Formation of
hydrate is one of the most problematic issues involved in the production and
transportation of natural gas. Gas hydration is an effective and efficient method of
preventing this difficulty. One of the main challenges in designing a dehydration unit for
off-shore locations is its size. Supersonic separator is a device that combines the
principles of Joule- hompson expez ion and cyclonic separation to efficiently remove
the water content of natural gas produced from reservoir as a means of hydrate
prevention. This device is sn | enough to suit the limitations of an off-shore location.
This thesis is investigates the | fc iance of supersonic separators in various operating
conditions. A variety of design arameters are identified and analyzed through CFD
techniques and a novel cont tic 1s proposed for the supersonic separators. A lab test

is set up for the validation of CFD r lts and extensive discussions are presented.
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NOM.NCLATURE
Units:

K/s : Kelvin per second

Pa: Pascal

hr: hour

atm: atmosphere

psi: pounds per square inch
scfm: standard cubic feet| min

Hp: horse power

Symbols:

g: natural gravitational accelerati
X, axial position of the throat (dist:
L: total 1t th of the nozzle

Din: inlet diameter

D, outlet diameter

Dy, throat diameter

Pi,: inlet pressure

P, outlet back pressure

P pressure at the throat

P, : pressure loss ratio

P, : pressure recovery ratio

T;,: temperature at the inlet

a
-

(~9.8 m/s%)

e from the inlet)

X1




T.»: temperature at the throat

u: velocity of gas

Umroar: velocity of gas at the throat

c: speed of sound

Ma: Mach number

R: univer ~ gas constant (8.314 kg/mol.K)
M: molecular weight

rii: mass flow rate

A: cross-sectional area

Viangenial: tangential component of tI  velocity vector
V.siar: axial component of the velocity vector
S: swirl intensity

a.. centrifugal acceleration

r: distance from the centre of rotation

Greek Symbols:

w: angular velocity

: area-weighted average ¢ rifu 1l acceleration
¢: swirl velocity ratio

{p: initial swirl velocity ratio

p: density of the gas

pu: density of the gas at the tt  at

y: heat capacity ratio (C,/Cy)
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1.

INTRODUCTION

Natural gas is one of the most important sources of energy in the world. Currently it
accounts for more than 25% of the world’s primary energy consumption. With the drive
for cleaner fuels, the demand for natural gas is forecast to grow | to 3.5% per year for the
next 20 years (IEQ2007). The safe, efficient, and economic production, processing, and
transportation of natural gas, espec ly from reservoirs in remote and offshore locations,
remain a major challenge to supply the consumption markets. One of the main problems
in the production and transportation of gas is the possibility of hydrate formation, an ice
like cryst: ine structure formed v :n low molecular weight hydrocarbons are in contact
with water. The production and ansportation systems become troubled when the

flowlines get obstructed with solidified hydrate.

Natural gas can carry ¢ in a unts of water in the vapour form. Water is a
contaminant in natural gas and its concentration increases with temperature or equally
with reduced pressure. Physical ap) irance of s hydrates is like packed snow. A mass
of hydrate is very porous and ght. The conditions at which hydrates start to solidify, and
become a cause for trouble, depend on many factors including but not limited to gas
temperature, pressure, composition, and the water content. Therefore it is very important

to develop techniques to prevent hy ate formation.

The following methods have bee conventionally used for hydrate prevention:




Identifying the temperature at which hydrates form and keeping 2 gas above this

temperature.

. Reducing pressure and therefore reducing the possibility of hydrate formation.

. Adding hydrate inhibitors to the gas, which in turn will either reduce the

temperature at which hydrates are likely to form or the rate at which they form.
These include antifreeze agents such as methanol and glycols, and kinetic
inhibitors.

Reducing the water content of the gas and therefore reducing the possibility of

hydrate formation. This process is called gas dehydration.

While the first three methods seem to be either costly or proposing their own risks (i.e.

loss of valuable pressure, or use of chemicals), gas dehydration is one of the more

efficient choices. The following - iniques have been practiced for gas dehydration

process: (Karimi, 2006)

1.

ii.

Refrigeration through the J le-Thomson expansion or other means of cooling,
and then separation of 1 water content of the gas by means of any
conventional gas/liquid se; -ator.

Solid desiccant dehy ation or dry-bed dehydration. Gas is flowed through a bed
of solid reagent whe the water is removed. Adsorbents also known as desiccants
such as silica gel, molecular sieve, activated alumina and activated carbon

materials are materials with high capacity for absorbing water.



iii.  Liquid desiccant dehydration. A liquid absorber will make close contact with the
wet gas by means of a gas/liquid contact device (e.g., trayed or packed towers). A
good absorber like glycols will absorb the water content of the gas and ultimately

dry the gas.

A new technology based on the adiabatic cooling  swirling gas flow in a supersonic
nozzle has been recently prc jsed and developed for conditioning of natural gas. The
supersonic separator has similar thermodynamics to a turbo expander, combining
expansion, cyclonic gas/l _ id separation and recompression in a compact, tubular
device. A turbo expander transforms pressure to shaft power, whereas in supersonic
separator, it is transformed to kine: energy. The supersonic devices « 1 also be used to
remove condensable vapours such as water or natural gas liquids (NGL) from a gas
stream in order to lower the (water - hydrocarbon) dew point of the gas or strip the gas
of heavy ydrocarbons which can generate additional revenue. The three main physical

processes involved in the o ations of supersonic separators are (Prast et al., 2006):

* A near isentropic expansion ulting in a low temperature and pressure due to the
high (supersonic) o

* Non-equilibrium condensation of vapours resulting in a fine mist of sub-micron
sized droplets, and

s Separation by inertia of droplets heavier than the surrounding gas due to a strong

swirling flow.









1.3.

fill the knowledge gap and provide extensive ar ytical data on the performance of

supersonic separators.

THESIS OUTLINE

This thesis is divided into six chapters. Chapter 1 is an introduction to the concept of
supersonic separators and their function and potential applications in today’s oil and gas
industry. Chapter 2 provides an overview of all previous work on the proposed concept.
In Chapter 3, further introduction to the supersonic separators is provided and the
methodologies used in conductir this research are explained. Chapter 4 is dedicated to
presenting the results of the st y and corresponding discussions. In Chapter 5, the
experimental tests performed to evi 1ate the computer based simulations are explained
and the results are presented d di 1ssed. Finally, Ch: ter 6 summarizes the thesis and

presents conclusions and recomme1  tions for futt  work.












3. CFD AND THE GOV RNING EQUATIONS

As computational fluid dynamics (CFD) is used as the main tool in the conduction of this
study, it is necessary to briefly explain the method and the equations involved in the
process. CFD i1s a widely adopted method of studying and more importantly predicting
the flow characteristics of fluid systems. It uses mathematical equations that describe the
system, usually in the form of partial differential equations, and utilizes a computer to
solve them simultaneously to predict the flow field characteristics of a given system. It is
therefore a combination of fluid echanics, mathematics, and computer sciences. The
equations that define the system a derived from conservations laws, thermodynamic
laws, gas equations of state, and so on. These equations are usually rearranged such that
the computational cost of their s aneous solution is minimized while the integrity of
the overall solution remains robu The remainder of this chapter is dedicated to

presenting the most important of  :se equations as they are used by Fluent.

3.1. GOVERNING EQUATIONS

There are many sets of ¢ 1ations that govern the transport phenomena in any given
system. The most important of these equations are suitable expressions of the three
conservation laws; namely mass, momentt  and energy conservation laws. If the system
being stu ed includes two or more species, separate conservation and/or reaction

equations for each species may be solved as well. Additional transport equations are

10




employed when the flow is turbulent. The governing equations used to describe the

systems in this study are as follows.

Conservation of Mass

The equation for conservation of mass, or the continuity equation, may be written as:

op -
—+V. =S 3.1
ot +V(p7)=S5,

For two dimensional axis-symmetric geometries, this equation can be reduced to:
0 i
(pv )+ =(pv,)+* =85, 32
o or

S, denotes the source term which is zero for all cases in this study. x and r are axial and
radial coordinates respectively and v, and v, are the axial and radial components of the

velocity vector.

Conservation of Momenti

Conservation of momentum 1y be described by:

g(p§)+v.(p\7\7)=—Vp+V.(z=')+pg'+13 3.3
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4.2.1. Geometry Creation

The creation of geometry in GAMBIT may be performed through many different

approaches. The method used in this research is as follows:

The nozzle’s conve-~ng and diverging profiles are first established in a Microsoft Excel
spreadsheet by determinit  the four design parameters: inlet and outlet diameters, throat
diameter, axial position of the throat, and total length of the nozzle. The profiles created

based on these parameters v regressed to the following third order polynomials:

For converging section:

3 2
y=al ~ | +B] ~ +Du 4.1
xlh xlh 2

A
= Dm out? B = —3—
2
and for diverging section:
L-xY “—xY D
y=A| =2 +B| E| 4T 4.2
X Xin 2
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|
circular cross section of the proposed nozzle enforced the application of a three

dimensional model for this geometry.

The nozzles used in this study have the following design parameters. Note that the
dimensions are presented without a it here as this is how they are created in GAMBIT.

Proper units are assigned to the geometry in the processing software (Fluent).
Din= Dyy= 2

Dy ranging from (0.2 to 0.7

X ranging from 20 to 50

L: rangir  from 100 to 300

R (the curvature radius of ti  U-shaped section): ranging from 0.5 to 50

20

































4.3.2. Materials and their physical properties

The fluid that is to be modeled is natural gas, which consists mainly of methane.
Therefore methane was used as the process fluid in most of the simulations. More
realistic simulations considi 1g the actual gas composition are unique for any specific
gas reservoir and beyond the scope of this study. As the tests were performed using
compressed air, air was also used in some simulations as the process fluid. The physical
properties of the gases were defined using the ideal gas law for the majority of the
simulations. The National Institute of Standards and Technology (NIST) real gas models
are available in Fluent for 39 wure fluids including methane. Thermodynamic and
Transport Properties of Refrigera : and Refrigerant Mixtures Database version 7.0
(REFPROP v7.0) was used to predict real gas properties in some simulations to compare

with ideal gas results.

4.3.3. Goveming equations

The equations that govern the system are not directly set in Fluent. The general
characteristics of the system and fluids are instead used to determine these equations. For
instance, type of flow can be chosen to be inviscid, laminar, or turbulent, which will
consequently decide which terms ¢ the Navier-Stokes equations are used to model the
system. The systems are tially odeled using an inviscid flow of ideal gas. More
detailed models are used for final results which incorporate k-epsilon turbulence models
and where necessary real gas models to create more accurate results. k-¢ model was

chosen as it is the most widely accepted model to represent such flows in the industry and
31



it is the recommended choice of turbulence model considering the high velocity and swirl

of the flow as instructed by the Fluer user guide.

4.34. Boundary conditions

Boundary conditions are u:  to define the known limits of the system. In the systems

studied here, three regions have to be defined:

1) Nozzle inlet
2) Nozzle outlet

3) N zle walls

The inlet, in most of the systems, is defined as a Pressure inlet, which uses the pressure
and temperature of the gas at the in  as a constant and adjusts other parameters such as
velocity and flow rate accordingly. Mass flow inlet was also used in some simulations to
evaluate the effects of flow rate variations. This condition assumes the mass flow rate and
temperature as a constant and adjusts the other parameters such as pressure and velocity

correspondingly.

The outlet is always modeled ; a Pressure outlet where the pressure and temperature of
the gas are defined at the outlet. . ..e walls are always modeled as a smooth and insulated
surface where no flow of energy takes place. This is consistent with the theoretical

assumption of an adiabatic expansion of the gas.
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5. RESULTS AND ' NALYSIS

The results gathered from the simulations performed by CFD package are presented in

this chapter. These results are categorized into three sections:

1. Straight nozzle: analyzing the dynamics of the swirling flow of gas in supersonic
nozzles

2. U-shaped nozzle: invest iting the flow characteristics of a novel concept
incorporating a U-shaped se on in the diffuser of supersonic nozzles.

3. Comparison of U-shaped and straight nozzles

Detailed discussions are presented £ :tions 4.1 to 4.3.

5.1. STRAIGHT NOZZLE WITH SWIRLING FLOW

The following sections discuss the results of the CFD simulations for the swirling flow of

gas through straight nozzles with va s design characteristics and operating conditions.

5.1.1. Meshing scheme

As it was mentioned in Section 3 2., a trial and error scheme was used in order to
determine the optimum size for the mesh elements in a proposed geometry. In light of the
analysis of the results acquired from this study, the following guidelines were

implemented in the meshtt  of t  straight nozzle models:
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Table 5.3 Mass flow rate values for different gas inlet pressures.

Inlet Pressure (kPa)

206.8
227.5
241.3
255.1
275.8
289.6
317.2
324.1
330.9
337.8
344.7

43

Mass Flow Rate (kg/hr)

4.04
4.45
4.71
4.97
5.39
5.66
6.20
6.33
6.47
6.60
6.74
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Equation 5.8. Above this value, although the swirl intensity profile does increase with (o,
the effect is not as significant and may outgrow its benefits. Figure 5.11 shows a plot of
mass flow rate capacity of the nozzle for a constant inlet pressure of 345 kPa as a
function of initial swirl ratio. It can be seen that the flow rate decreases with increasing
initial swirl velocity ratio. Moreover, this decease reaches a maximum rate around { =
1.25 which can be seen more clearly in Figure 5.12. These values may be taken as
guidelines for design purposes. Figure 5.13 shows the area-weighted average centrifugal
acceleration along the nozzle. It is noticeable that the centrifugal acceleration becomes
negligible in the last twenty percent of the length of the nozzle (the nozzle profile is
schematically shown for visual aid). It is recommended that the system is designed in a
way that the required separation is achieved before this point and the remainder of the
nozzle is left for pressure recovery 1d stabilization of the flow. The position along the
nozzle where a vortex finder is tc 2 placed to separate the flow of denser particles from
the main flow depends on this : n feature (the axial position where the minimum
required separation is achieved) as well as the position of the shockwave. Evidently, the
vortex fir " r should be placed somewhere before the shock takes place or the occurrence

of the shock will disperse the centrifugally separated particles into the gas flow.
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Pressure Loss Ratio:

p, =t =i 1009 5.14

in

Pressure Recovery Ratio:

T

B 100% 5.15
P

in

These parameters are used  conjunction with centrifugal acceleration inside the nozzle

to determine the separation ef ien _ of the separators.
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5.2.2.5. Centrifugal Acceleration

Particle separation occurs due to the centrifugal force that is exerted on the flow as it
passes through the U-shaped section with high velocity. The particles (e.g. micron size
liquid droplets) are forced towards the outermost wall in the U-shaped section and may
be extracted via a side ch: el that is installed in an appropriate position. Figure 5.32
shows the values of centrifugal acceleration along this section as it is experienced by the

flow. The acceleration is calculated »m Equation 5.16:

V2
a,=— (4.16)

r
The graph is generated from : C. .. simulation results for the geometry shown in Figure
5.19 when an inlet pressure of 3«  kPa (50 psia) was imposed. It can be seen in the graph

that the particles experience centr gal accelerations of up to 33,000,000 m/s” in this

particular configuration. That is the equivalent of approximately 3.4 million g.
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5.3.

COMPARISON OF STRA HT AND U-SHAPED NOZZLES

It was established in the previous discussions that the general behavior of the two
concepts is basically the same in response to char 'ng pressures or throat diameter. In
order to make a practical comparison between the two proposed concepts, a method of
measuring the actual obtained separation is required that incorporates the significance of
flow rates and pressure recovery ratios. In the absence of such experimental data, the
comparison is based on the main | )perty responsible for the separation that is readily
available from the CFD simulation results, namely the centrifugal acceleration. The
centrifugal acceleration exerted on the particles of the gaseous mixture was discussed in
details for the swirling flow of gas 1side a straight nozzle and the non-swirling flow of
gas through a nozzle with extenc  U-shaped throat in Sections 4.1.2.2 and 4.2.2.5,
respectively. The individual values of this property for the two concepts can now be
compared for similar pressure r very ratios and flow rates. An inlet pressure of 345
kPa (50 psia) and outlet back pressure of 138 kPa (20 psia) were used for this

comparison.

Figure 5.34 is a graph of the centrifugal acceleration exerted on the gaseous mixture for
both concepts. The swirling flow  gas through a straight nozzle is represented by the
same geometry that was discus 1 in Section 4.1 with an initial swirl velocity ratio of
3.50. The mass flow rate associat  with this configuration is determined to be 146.5
kg/hr. A U-shaped nozzle that accommodates this flow rate while operating with an inlet

pressure of 345 kPa must have a t| Hat diameter of about 8 mm (see Equation 5.6). The
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introduce designs in which an inner body is incorporated into the system to
facilitate the swirling flow of gas inside the zzle.

The effects of gravitation force were neglected in this study. A further detailed
study incorporating the effects of gravity on the liquid film is recommended.

The study of the effects of the presence of nano-size particles in the gaseous
mixture is also benefic

The kinetic aspect of the nucleation process involved in this method of separation
is another study that could bc :fit the understanding of these separators.

A study could be conducted on the possibility of a controlled nucleation and

growth mechanisms tc rod : particles of an optimum size.
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