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ABSTRACT

The dwindling high quality crude oil reserves and increasing demand for natural
gas has encouraged energy industries further towards the discovery of remote offshore
reservoirs. Consequently, new technologies have to be developed to efficiently produce
and transport stranded natural gas to consuming markets. Compactness of production
systems is the most challenging design criteria for offshore applications. From the gas
quality perspective, water vapour is the most common impurity in natural gas mixtures.
At very high gas pressures within the transportation systems hydrate can easily form even
at relatively higher temperatures. Therefore, gas dehydration or hydrate inhibition
systems for offshore gas production/processing facilities should meet these requirements.
It should also be noted that at certain pressure and composition conditions, the presence
of heavy hydrocarbons (C;") in natural gas increases pipeline flow capacity and improves
compression efficiencies. Supersonic separators are proposed in this thesis as a compact
high-pressure processing system capable of selectively removing water from high-
pressure natural gas streams without affecting the hydrocarbon content. A computer
simulation linked to a thermodynamic property package is presented to predict the water
removal efficiency and to compare the proposed system with conventional techniques.
The simulation is first validated with a commercial computational fluid dynamics (CFD)
software (Fluent) and then the effect of pressure, temperature, flow rate, friction and
backpressure of the system in this method are analysed. Supersonic nozzles are also

placed in different locations in a three-stage separation train on an offshore crude oil



production platform to test the efficiency for the recovery of Natural Gas Liquids (NGLs)
from associated gas. The recovery of NGLs can significantly improve the economy of

offshore crude oil production.
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CHaPrTER 1: INTRODUCTION

The demand for natural gas has motivated the oil and gas industry to discover
natural gas reservoirs even in remote and hard to reach locations. Natural gas is more
abundant than estimated even just ten years ago. The global need for less-carbon and
potentially no-carbon content fuels (such as hydrogen) is motivated by environmental
concerns. Natural gas is, at present, the only hydrocarbon energy source that will lead to
major reductions in green house gases and other pollutants. Natural gas, produced from
the reservoir is not a single-component mixture, but a mixture of hydrocarbons which
may include heavier than methane hydrocarbons constituents (C,") or natural gas liquids
(NGLs), reservoir water and various impurities such as inert gases, carbon dioxide, and
hydrogen sulphide. Natural gas needs to be processed before being used in the supply
network. The impurities such as nitrogen, carbon dioxide, hydrogen sulphide and heavy
hydrocarbons can be removed in a central plant (Berger and Anderson 1980). However,
some other impurities such as sand and free water should be removed near the wellhead.

Produced natural gas is in the dense phase. During natural gas processing it is
likely that the water and the hydrocarbon components condense and form a liquid phase.
This phase behaviour can be explained using the equilibrium phase diagrams known also
as phase envelope of the stream. The condensation of water and hydrocarbons in natural
gas decreases its heating value and causes operational problems such as corrosion,

excessive pressure drop, hydrate formation and consequently slugging flow and reduction



in gas transmission efficiency. The possibility of obstruction due to the formation of
hydrate within the flow lines is one of the most serious problems in the gas industry. The
point at which gas hydrate forms and therefore becomes a source of trouble depends on
the pressure, temperature, and gas composition. Within the transportation system and at
very high pressure of the gas, hydrate can form even at relatively high temperatures
(close or above 20°C). Therefore, it is important to assure that hydrate does not form as
the gas is transported from the wellhead to a processing facility. Line heating, injection
of hydrate inhibitors, and dehydration are commonly practiced to meet this requirement
(Hengwei et al., 2005).

In processes such as transmission of gas in high pressure pipelines and the gas
storage in high pressure containers for land or marine transportation of gas in compressed
form, in certain specific pressure and temperature conditions, the presence of heavier
hydrocarbons in natural gas is favourable (Mohitpour et al., 2003). The mass flow
capacity in pipelines is related to the gas gravity (directly proportional to molecular
weight, M) and reversely proportional to the square root of the compressibility factor (Z).
Light gases (with higher percentage of methane) have higher flow capacities because of
the low gas gravity and the compressibility factor of close to unity. As the heavier
hydrocarbons (C,") are introduced in the gas stream, the gas gravity increases and the

compressibility factor decreases. The overall effect of heavy hydrocarbons addition will

be determined by reduction in gas compressibility, which not only depends on the gas

composition but also on pressure and temperature (Mohitpour et al., 2003). Mohitpour et



al. reviewed the standard volume flow and the mass flow capacities at 1.66 °C (35 °F) and
for pressures between 5.5-14.75 MPa (800-2,140 psia) for a mixture of methane and
ethane. The results showed increases in the mass flow capacity with the increase of
ethane content in the mixture which resulted in an increase in the amount of energy that
could be transported with the mixture. The heating value of the mixture increased at the
same rate.  Therefore, higher hydrocarbon content of the gas improves the
compressibility and transportability of the gas. Water however is a risk factor
contributing to the plugging of the pipe and corrosion and therefore should be removed or

dealt with in a proper way.

1.1 OBJECTIVES OF STUDY

The purpose of this thesis is to propose an alternative dehydration process. The
proposed system should be capable of working at high-pressure conditions and be able to
remove water selectively without affecting the hydrocarbon content of the gas. After
evaluating different alternatives, a new approach in using supersonic dehydration systems
is proposed to selectively remove water from the gas in supercritical conditions. This
study provides a good understanding of the supersonic dehydration especially when water
is removed selectively form high-pressure natural gas streams. In addition, the
performance of such systems is also studied in the recovery of heavier hydrocarbons. For
the NGL recovery studies, the supersonic separators are introduced within a typical crude

surface separation facility on an offshore platform to determine the efficiency of the unit



for such applications.

1. 2 ScorE oF Stupy

Based on literature reviews, two companies have commercially implemented
supersonic separators for gas treatment: Twister BV (Brouwer et al., 2004) and Translang
TechnologiesLtd. (Alfyorov et al., 2005). Supersonic separators are used for different
applications such as water and hydrocarbon dew pointing, natural gas liquids (NGL/LPQG)
extraction, heating value reduction, fuel gas treatment, CO, extraction, ethane recovery
and Liquefied Natural Gas (LNG) applications (Brouwer et al., 2004 and Alfyorov et al.,
2005).

Limited data and information is presented on the performance of supersonic
separators in the previously mentioned applications. In this research a complete

overview of water dew pointing applications using the supersonic separators are given.

1. 3 THESIS OUTLINE

The thesis is divided into seven chapters. Chapter 1 provides an introduction to
the supersonic separators and their applications. In Chapter 2, several alternative
processes to eliminate liquid phase from natural gas such as refrigeration, liquid desiccant
dehydration, solid desiccant dehydration, and membrane separators are reviewed. The
necessary background on the supersonic separators is also given Chapter 2. In Chapter 3,

further introduction to the supersonic dehydration is given and the methodology to



simulate the system is discussed. In Chapter 4, the prediction of the behaviour of the
supersonic dehydration unit based on the proposed model is presented. The nozzle is
assumed to work in an isentropic (frictionless, reversible, and constant entropy)
condition. A condition where friction exists is also presented. In Chapter 5, supersonic
separators are introduced within a typical crude surface production system on an offshore
platform to determine the efficiency of the unit to recover NGLs. Chapter 6 summarizes
the thesis and the conclusions reached are presented. In addition, recommendations for

future work are provided.



CHAPTER 2: LITERATURE REVIEW

In this chapter, various dehydration processes are reviewed and the introduction

on a supersonic nozzle as the main part of the supersonic dehydration system is given.
2.1 NATURAL GAS DEHYDRATION AND HYDRATE INHIBITION

Natural gas dehydration is an important process for several reasons including the

following:
1. Free water in natural gas can cause operational problems such as corrosion
and excessive pressure drop due to the two-phase flow
2. Water decreases the heating value of the gas
3. Water can form hydrate and consequently plug the pipeline
Among all, hydrate formation is one of the most serious problems in natural gas
industry and has been identified as a major hazard to the safe operation of natural gas
transmission pipelines.

Gas hydrates are non-stoichiometric compounds that form when the host material,
like water traps the guest molecules such as methane. The temperature and pressure of
hydrate formation can be predicted on the gas composition basis. Hydrate crystals might
not form even when hydrate formation is thermodynamically possible as the crystal
growth process is random but to be safe, hydrate prevention is needed. There are several

methods to prevent hydrate formation in natural gas pipelines:



2.1.1 LINE HEATING

Line heating may keep the minimum line temperature above the hydrate
formation point. The initial investment needed for this method is not very high as fuel is
available to operate the heater. Line heaters are simple and do not need much
maintenance however they do not remove the water vapour which causes hydrate
formation. Line heating therefore is needed at any point where the risk of hydrate
formation exists. This method is not very suitable for long distance pipeline transmission

systems (Berger and Anderson, 1980).

2.1.2 HYDRATE INHIBITOR INJECTION

An alternative method to control hydrate formation is to use kinetic inhibitors,
anti-agglomerates and thermodynamic hydrate inhibitors such as methanol, glycols
(mainly ethylene and di-ethylene glycols). Injecting the inhibitors prevents hydrate
formation by lowering the temperature at which hydrate might form at a given pressure.
For an effective injection, inhibitor should be introduced at every point in the process
where the wet gas is cooled down to its hydrate temperature. The injected inhibitor
should preferably be recovered, regenerated, and re-injected in the process. The physical
limitations and economics at certain conditions are factors to choose one inhibitor over

the other (GPSA Data book 1998, and Covington et al., 1999). Anti-agglomerates

prevent small hydrate particles from growing into larger sizes and kinetic inhibitors slow
crystal formation. Kinetic inhibitors have some advantages as their required

concentration is as low as 0.5-2.0 wt. % in the aqueous phase and they are non-volatile



but they are banned to be used in some areas due to environmental reasons and that too
much inhibitor may even increase the hydrate formation rate (Iluhi, 2005 and Kidnay,
Parrish, 2006). The principal thermodynamic inhibitors are methanol and ethylene
glycols. Their required dosage is predictable but it can be as high as 50 wt. % of the
aqueous phase. Ethylene glycol is usually preferred over di-ethylene glycol and tri-
ethylene glycol due to its lower solubility and viscosity. The rate of harmful emissions
(mainly aromatic hydrocarbons) from the glycol regenerators to the environment is the
most common concern for glycol injection units. Methanol is usually not regenerated in
the process so the disadvantage of damaging the environment might be omitted but it will
be a costly process (Covington et al., 1999). Figure 2.1 shows a simple sketch of a glycol

injection unit.
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Figure 2.1: Typical glycol injection system

Hydrate formation can also be prevented by eliminating water using gas



dehydration processes. Dehydration may be performed with or without removal of other
liquid phases and the condensable components of natural gas before delivery or

consumption (GPSA Data book, 1998).

2.1.3 ABSORPTION USING LIQUID DESICCANTS

Glycols are very good absorbers for water because the hydroxyl groups in glycols
form similar associations with water molecules. Among different glycols such as di-
ethylene glycol (DEG), tri-ethylene glycol (TEG) and tetra-ethylene glycol (TREG)
which are used as liquid desiccants, Tri-ethylene glycol is the most common liquid
desiccant for natural gas (GPSA Data book, 1998).

The intimate contact between a wet gas and glycol can be made in bubble cap or
valve tray absorbers or other gas-liquid contact devices. The gas gives the water vapour
to glycol as it passes through the absorber. Water-rich glycol leaves the bottom of the
tower and is pumped through a regeneration system to boil off the absorbed water. It is
then circulated back to the absorber to complete a closed loop process cycle (Ballard,
1979). Liquid desiccant systems are simple to operate and maintain and it is possible to
automate them for unmanned operations (GPSA Data book, 1998). This technology
needs a large facility and due to the need for glycol, there is a possibility for some
operational problems and the way to prevent such problems should be recognized. Some

of these problems and the way to avoid them are as follows (Ballard, 1979):

e Ogxidation: air should be kept out of the system

e Thermal Decomposition: excessive heat should be avoided



e pH control: pH needs to be watched carefully by using glycol to lower the pH and
increase the acidity and corrosion.

e Salt contamination: should be removed by an efficient scrubber before the glycol
unit

e Liquid hydrocarbons: should be separated with the gas-glycol separator or
activated carbon beds

e Sludge: solid particles suspended in glycol can be separated by good filtration

e Foaming: be prevented by effective gas cleaning ahead of the unit and filtration
Other glycol based gas dehydration technologies were developed to increase the

glycol purity after regeneration and decrease the emission gas to the environment (GPSA,

Data book, 1998). A process flow diagram for a typical glycol dehydration unit is shown

in Figure 2.2.
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2.1.4 ADSORPTION USING SOLID DESICCANTS

Solid desiccant dehydration is also known as dry-bed dehydration. It uses a solid
reagent to remove water. Adsorbents also known as desiccants are high capacity material
for water removal including alumina, silica gels, and molecular sieves. Molecular sieves
produce the lowest water dew point and have the highest capacity for water removal but
the heat required to regenerate them is more than alumina or silica gels. Molecular sieves
are also more expensive compared to other desiccants. The solid desiccant dehydration
system is consisted of two or more towers and the associated regeneration equipment.
Before introducing the gas into a cylindrical bed containing the desiccant, the wet gas
enters an inlet separator to remove contaminants and free water and hydrocarbon by
gravity. Desiccants have limited capacity for water, become saturated soon, and
therefore should be regenerated to restore its adsorptive capacity. The regeneration is
usually accomplished by heating. Hot gas vaporizes the water from the adsorbent. Dry
bed dehydration is a semi continuous process for which at least two parallel vessels filled
with the adsorbent are required. In this arrangement, one vessel is adsorbing while other
is regenerating (GPSA Data book, 1998, Ballard, 1979, and Manning and Thompson,

1991). Figure 2.3 outlines a schematic of this process.
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Figure2.3: Schematic of an example solid adsorbent dehydrator

2.1.5 DEHYDRATION WITH CALCIUM CHLORIDE

Solid anhydrous calcium chloride (CaCl,) which forms various CaCl, hydrates
when combined with water can be used as desiccant to dehydrate natural gas. As water
absorption continues, brine solution will be formed. In this unit calcium chloride pellets
are placed in a fixed bed. To increase the unit capacity three to four trays can be installed
below the fixed bed to pre-contact the gas with the brine solution and remove a portion of
water before the gas contacts the solid CaCl, The Unit might show poor performance
under some conditions if CaCl, pellets bond together and form a solid bridge in the tower

(GPSA Data book, 1998). Figure2.4 outlines a typical CaCl, dehydrator.
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2.1.6 DEHYDRATION BY REFRIGERATION

Natural gas consists of many different components. Heavier-than-methane
hydrocarbon constituents of natural gas that can liquefy in the field or processing plants
are called natural gas liquids (NGL). Refrigeration through external vapour
recompression is the simplest and most common process for dew point control of NGLs
and water. In external or mechanical refrigeration systems the cooling is supplied by a
vapour recompression cycles that typically use propane as the refrigerant or the working
fluid. The refrigerant (often C; in natural gas industries) boils off and leaves the chillers

as a saturated vapour (GPSA Data book, 1998 and Kidnay and Parrish, 2006). This

13



process is shown in Figure 2.5 (GPSA Data book 1998, Arnold and Stewart 1999,

Manning and Thompson, 1991).
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Figure2.5: External refrigeration systems

If the inlet pressure is high enough, there will not be a need for external cooling
and the expansion refrigeration that is known as low temperature extraction (LTX) or low
temperature separation (LTS) will be used. This process applies the Joule-Thompson (JT)
effect to reduce the gas temperature upon expansion in order to condense water and
hydrocarbon and recover condensate with or without hydrate inhibition. The Joule-
Thompson (J-T) in this process induces “self-refrigeration” as apposed to “external
refrigeration” (Manning and Thompson, 1991). To run LTS without using hydrate
inhibitors, the temperature should be sufficient to prevent hydrate formation upstream of

the valve where joule-Thompson expansion occurs. The expansion is essentially a

14



constant enthalpy process. The inlet gas passes through the gas-gas exchanger, then to an
expansion or choke valve. Non-ideal behaviour of the inlet gas causes the temperature to
fall with the pressure reduction (GPSA Data book, 1998, Manning and Thompson,
1991).This technique requires a large pressure drop so it is used when the main objective
is to recover condensate. Figure2.6 shows an LTS that uses glycol injection and J-T

expansion for cooling.
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2.1.7 DEHYDRATION BY MEMBRANE PERMEATION

Membranes have been successfully used to remove acid gases from natural gas.

They are also being promoted by suppliers of membrane technology for water removal

(Arnold and Stewart, 1999). They are relatively expensive (especially for large gas flow

rates) and can be easily fouled by gas contaminants. They also need high pressure for

efficient operation. However, they have a low-pressure drop through the process and do

not need any chemical reagents. The installation and change of the membrane cartridge

are relatively easy and the maintenance cost is low. The membranes’ capability to

remove water vapour is not selective and part of the gas is always wasted through co-

permeation. Figure 2.7 shows the membrane dehydration process (Stookey et al. 1984).
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2.1.8 SUPERSONIC DEHYDRATION

Most of the previously mentioned methods have good dehydration performance
but they have some disadvantages including the need for relatively large facilities, a
considerable investment and complex mechanical work and the possibility of having a
negative impact on the environment. Supersonic dehydration unit were introduced to
overcome some of the disadvantages of the alternative processes for dehydration. Full
scale supersonic separator units have been tested in five different gas plants with different
gas compositions and operating conditions since 1998 (Brouwer et al., 2004). The first
commercial gas conditioning technology using the supersonic separator in the offshore
applications was started up in December 2003 (Brouwer et al., 2004). 3-S separator is
another unit based on the same technology with different structure (Alfyorov et al.,
2005). The idea of 3-S separators was proposed by a group of Russian specialists
(Alfyorov et al., 2005). This group joined Translang Technologies Ltd., Calgary. 3-S
separators performances have been studied and tested since 1996. An experimental test
plant was constructed in Russia. Later another pilot plant for greater natural gas flow rate
was built in Calgary. None of these facilities was capable of very high pressures. The
first industrial 3-S separator was started operating in Western Siberia (Alfyorov et al.,
2005). These cyclonic gas/liquid separators, which combine expansion and re-
compression in a compact, tubular device, have very similar thermodynamic performance
to that of turbo-expanders. A similar temperature drop as in turbo expanders, within

which pressure transforms to shaft power can be achieved in both units by transforming
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pressure to kinetic energy (Brouwer et al., 2004 and Schinkelshoek et al., 2006). The
Twister supersonic separator and 3-S separators both include a supersonic nozzle to
expand the saturated feed gas to supersonic velocities and therefore lower temperature
and pressure which results in water and hydrocarbon condensation. Separation of the
liquid droplets can be achieved by centrifugal forces using two different methods: a)
using a wing or blade at the end of the nozzle and in the supersonic region, b) using a
flow swirling device ahead of the nozzle. The former was used by the Twister’s design at
this stage and the latter was used in 3-S separators. In both cases after liquids are
separated from the gas, dry gas in the exit becomes subsonic and some of the pressure
can be recovered. Another unit with the same technology was tested experimentally with
wet air as a working fluid and 1 MPa working pressure (Hengwei et al., 2005). The

pressure recovery of this system was less than 75%.
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Figure2.8: Schematic diagram of a supersonic dehydration unit
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The main part of the supersonic dehydration unit is a supersonic (converging —
diverging) nozzle (see Figure 2.8). The supersonic nozzle is simple in design and does
not include any moving parts. In the supersonic nozzle both condensation (or
solidification of hydrate) and separation occur at supersonic velocities, which leaves
hydrate no time to deposit on the wall surfaces due to the short residence time and the
high velocity of the fluid. The simplicity of this device makes it suitable for unmanned
operation (Brouwer et al., 2004 and Schinkelshoek, 2006) for underwater or remote gas
production applications. As a result, the gas in this system can be dehydrated in a
smaller, lighter, cheaper, more environmentally friendly, and less complex facility.

In the supersonic dehydration unit, the gas temperature is lowered based on gas
expansion principles without the need of any refrigerant. The compactness of this design
is a major advantage over traditional means of dehydration particularly for offshore
applications. The gas velocity in this device is very high which prevents fouling or
deposition of solids and ice. Refrigeration is self-induced therefore no heat is transferred
through the walls and unlike external refrigeration systems, no inhibitor injection and
inhibitor recovery system are necessary. Intensive water dew points down to -50 to -60
°C can be achieved without any external cooling or use of solid adsorption techniques.
The major drawback of this system is the pressure loss due to the expansion in the nozzle.
New designs are under development to overcome the loss of energy as the gas passes
through the high speed nozzles. Most of the traditional means of dehydration remove

water and hydrocarbon simultaneously and they are not selective to any one element
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alone. At certain conditions of pressure and temperature, presence of heavy

hydrocarbons (C,") increases the gas gravity and reduces the compressibility factor,
which results in an increase in the pipeline mass flow capacity (Mohitpour et al., 2003).
Furthermore, the compactness and reliability of the process equipment are very important
especially for offshore applications where the foot print area is at a premium. Therefore,
for special applications development of a compact system that is capable of selectively
removing water from high pressure natural gas streams without affecting the hydrocarbon
content will be needed. To remove water selectively natural gas should be kept in a single

phase and hydrocarbon condensation should be avoided.

2.2 FLOW PROPERTIES IN A CONVERGING-DIVERGING NOZZLE

In order to analyze the behaviour of fluid in supersonic nozzles a sound
understanding of the basics of thermodynamics, phase equilibrium and dynamics of
compressible fluid flow is required. These principles are briefly reviewed in the

following sections.

2.2.1COMPRESSIBLE FLOW

Natural gas is a highly compressible fluid. In compressible fluids the density
changes as the fluid pass though flow passages. Two different kinds of processes can

cause density to change. In a dynamic process the fluid density can change in association
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with the fluid acceleration, whereas in a thermodynamic process in which density
changes due to the\e addition of heat from an external source. Sometimes density

changes are because of combination of both processes (Greitzer et al., 2004).

2.2.2 EQUILIBRIUM PHASE DIAGRAMS

Phase diagrams also called phase envelopes, are used to examine the phase or
phases that may exist at any given conditions of pressure and temperature. The diagrams
show the locus of points between the two equilibrating phases on a P-T plot (see Figure
2.9). Several terms are used to define different points on the phase envelope.
Cricondenbar and cricondentherm are the respective maximum pressure and temperature
at which liquid and vapour can coexist in equilibrium. If the pressure is kept above the
cricondenbar (above the phase envelope), a single dense phase exists. Bubble point line
is the locus at which vaporization begins and dew point line is the locus at which
condensation begins. These two lines meet each other at the critical point. The system
changes from all liquid to all vapour and vice-versa in the critical point. P.and 7, on the

following phase diagram show the critical pressure and temperature respectively.
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Figure 2.9: Phase envelope of a multi-component mixture

For a multi-component mixture, the gap between the dew point and bubble point
lines can vary with composition. The gap becomes wider as heavier hydrocarbons are
added to the mixture. As a result, the points indicating cricondenbar and cricondentherm
can move upward or downward depending on the gas composition.

The fluid at a temperature and pressure conditions above its critical values is
called supercritical as its expansion or compression at constant temperature does not
result in any phase change.

Non-hydrocarbon impurities such as water, carbon dioxide, hydrogen sulphide

and nitrogen also affect the shape of the phase envelope. Presence of carbon dioxide and
hydrogen sulphide lower the cricondenbar but nitrogen increases cricondenbar. On the

other hand, as water has a low vapour pressure it does not have a significant effect on the
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shape of hydrocarbon phase envelope except in high temperature and low pressure

regions (Campbell, 1992).

2.2.3 EQUATIONS OF STATE

By using basic thermodynamic relations and the equations of state (EOS), the gas
properties such as density, enthalpy, and entropy can be predicted. Equations of state
describe the interconnection between the measurable thermodynamic properties of a fluid
system. Many gases follow the ideal gas law very closely at high temperatures and low
pressures usually up to 400 kPa (Campbell, 1992). The ideal gas equation becomes
increasingly inaccurate at higher pressures and lower temperatures and fails to predict
condensation from gas to liquid. Ideal gas law describes a gas whose molecules do not

interact with each other and it is simply defined with the following formula:

Many different equations have been developed to describe non ideal, real gas
behaviour. Real gas laws predict the true behaviour of a gas by considering the terms to
describe attractions between molecules. The van der Waals (VW) equation which was
the first cubic equation to predict the real gas properties was developed in 1873
(Molleson and Stasenko, 2005). The van der Waals equation does predict the formation
of liquid phase but its agreement with experimental data is limited for conditions where

liquid forms. The Redlich-Kwong (RK) equation, a two-parameter equation, was
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introduced in 1949 as an improvement to van der Waals equation. Although this
equation is superior over the previous equations of state, it cannot be used to predict the
vapour-liquid equilibrium properties. Later a third parameter was added to the cubic
equations of state and an accurate prediction was taken using Soave-Redlich-Kwong
(SRK) and Peng Robinson (PR) equations in year 1972 and 1976. SRK and PR are the
most commonly used equations of state in natural gas processing industries. The cubic

equations have the following general form (Jacobsen et al., 1997):

_ RT 3 a
v—b v?+ubv+wb®

p 2.2)

Where b, u, and w are constants and a is a function of temperature and has
dimensions of Pv2. The quantities v and R may be expressed on either mass or molar

basis.

2.2.4 BASIC FLUID FLOW EQUATIONS

The basics equations of fluid flow can be derived from the principles of mass,
energy and momentum conservation as well as laws of thermodynamics (Fox and
McDonald, 1985). A fixed control volume can be used to develop the general governing
equations between two points for the flow stream:

Continuity equation:

—_ -

2 [oar + [pr.da=o 23)
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Momentum equation:

- -

F,+F, =(—% [V pav + [v pv.da

First law of thermodynamics:

- -

O, Wy Vs == [epdV + (e pr)pV

(47

Second law of thermodynamics:

- -

c!%%dA < _aa_tcgspdv + foora

2.4)

2.5)

(2.6)

Certain assumptions will be made to simplify the governing equations for each condition.

2.2.5 QUASI-ONE DIMENSIONAL FLOWS

In most of the high-speed gas flows within a duct as the cross sectional area varies

along the duct, pressure, temperature, density and velocity changes downstream of the

duct. But the flow direction will remain approximately the same. This is called quasi

one-dimensional flow. This type of analysis is a useful estimate to study the response of

the compressible flow to alternations in area, addition of mass, momentum, and energy.

The quasi one-dimensional assumption can be applied to a duct or channels where the

length along the flow direction is much larger than the width. Nozzles are one of the

common examples of this geometry.
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2.2.6 STAGNATION PROPERTIES

Stagnation state is a theoretical state in which the flow is brought to complete rest in an
isentropic process. To specify the compressible flow stagnation properties the isentropic
processes is considered. Stagnation properties are the reference properties of the fluid if
it is decelerated to zero velocity. For ideal gas the equations for the stagnation properties
have been specified and exist in literature (Fox and McDonald, 1985). The following

equations show the calculations for stagnation pressure, temperature, and density

respectively:
k/k-1
B’—:[l+k_—1M2} 2.7)
P 2
£ =1 +EM2 (2.8)
T 2
1/k-1
Po _ [1 +Z€—_—1M2} 2.9)
P 2

For real gas stagnation properties can be found by solving the basic equations
along with a suitable equation of state for compressible, steady state, one dimensional
isentropic flow where heating loss and system works and gravity forces are negligible.
The basic equations will be simplified as follows (Fox and McDonald, 1985):

Continuity equation:

PV A, =p,V,4, = pVA=m=constant
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(2.10)
Momentum equation:

R, +p 4 -p4,= MVz "’th

(2.11)
Where R, is the surface force acting on the control volume.
First law of thermodynamics:
45 45
hy=h+—=h,+* 2.12
0 1 D) 2 2 ( )

h, is the stagnation enthalpy which is constant throughout an adiabatic flow field.

Second law of thermodynamics for an isentropic (constant entropy) flow can be written

as follows (Fox and McDonald, 1985):

S,=8,=8 2.13)

2.2.7 SPEED OF SOUND

The terms subsonic and supersonic refer to the conditions where the fluid
velocities are less and greater than the speed of sound - an important characteristic for

compressible flow systems. By solving the continuity and momentum equations for
steady state and uniform flow conditions and assuming that the process is reversible and

adiabatic, as there is very little time for heat transfer in sound wave propagation, the
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speed of sound can be calculated using the following equation:

c= (a—P] (2.14)

To calculate the speed of sound for ideal gas a simplified equation based on the
ideal gas law is available (Fox and McDonald, 1985). Mach number is defined as the

ratio of the local fluid speed to the speed of sound.

2.2.8 SHOCKWAVE

Shockwave is an irreversible discontinuity that happens if the flow can not
achieve the exit properties with the same conditions at upstream of the shock. During this
process, large change in pressure, temperature, and other properties including entropy can
occur in a small distance and the supersonic flow becomes subsonic. The thickness of a
shock is about 0.2 um (Fox and Mc Donald, 1985). As the shock thickness is small, the
cross section areas at the upstream and downstream of the shock are equal and the energy
and heat loss is negligible. For each upstream condition of a shock, there is a single
unique downstream state. The basic equations can be simplified as shown below to

calculate the properties on both sides of the normal shockwave:
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Continuity equation:
The cross sectional area upstream and downstream of the shock is equal as the

shock is very thin therefore:
m
VL= PV, ZZ (2.15)

Momentum equation:
pid = py Ay =mV, —mV, (2.16)

First law of thermodynamics:

2 2
%=m+%:%+%— @.17)

h, is the stagnation enthalpy which is constant throughout an adiabatic flow field.

Second law of thermodynamics:
Through the shockwave, the flow is irreversible as the discontinuous property change

happens, as a result the entropy across the shock increases:
S, >8, (2.18)

Shock strength can be determined by the pressure increase across the shock (Greitzer et

al., 2004).

2.3 SUPERSONIC NOZZLES

The supersonic nozzle, which is the main part of the proposed dehydration unit, is
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a tube, which is pinched in the middle. The nozzle is composed of three sections: the
converging section (subsonic zone), throat (critical zone), and diverging section

(supersonic zone) ( see figure 2.10) .

Converging Diverging
SECﬁﬂI’l SEEtiﬂll
A A
f N Y
Throat

11
1

Figure 2.10: Different parts of a supersonic nozzle

Due to the constant flow rate, flow acceleration happens in the pipe carrying the
flow as it narrows. Therefore, the function of the converging part is to accelerate the gas
as well as keeping the flow uniform and parallel. In practical conditions, in order to get
the sonic speed at the throat where the cross sectional area is minimum, usually the inlet
diameter is kept larger than~/5 of the throat diameter and the converging length is equal
to or greater than the throat diameter (Man et al., 1997). Once the inlet thermodynamic
conditions and the variation of the cross section area of the nozzle as a function of

distance are defined, the outlet conditions will also be uniquely defined (Moraitis and
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Akritidis, 1997). Figure 2.11 shows the different possibilities for the exit pressure of the
nozzle and Figure 2.12 ouline the velocity distribution in the supersonic nozzle. If the
mass flow rate is not sufficient to provide the desired pressure drop, the flow will be
subsonic all the way through nozzle (see figure 2.11 and 2.12 line A). It accelerates in
the nozzle and gets the minimum pressure and the maximum velocity in the minimum
cross section of the nozzle, and decelerates in the diverging part of the nozzle. In this
condition, the minimum area is not considered as the throat. The flow rate should
increase until the flow velocity reaches the sonic velocity where the Mach number is
close to unity in the minimum cross section of the nozzle. This smallest cross section is
called the throat of the nozzle where the flow is called choked flow. The flow rate, in
which choked flow happens, is the maximum possible flow for the specific nozzle
geometry and the inlet condition (Fox and Mc Donald, 1985). If the choked flow never
happens inside the nozzle because of insufficient mass flow rate, the flow will never
accelerate to supersonic velocity. However, the sonic flow in the throat might become
subsonic or supersonic as the cross sectional area increases in the diverging part of the
nozzle. This depends on the ratio between the inlet stagnation pressure and the
backpressure (ambient pressure at the exit of the nozzle). At a certain ratio between inlet
and back pressure the exit flow is subsonic and most of the pressure will be recovered

before any further compression happens (see line B, Figure 2.11 and 2.12). These exit

properties will be called “Nozzle recovery properties” from now on in this thesis. If the

flow is supersonic in the diverging part of the nozzle and no pressure recovery happens,
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the outlet nozzle condition is called the “design condition” and the exit flow remains
supersonic (line D, Figure 2.11 and 2.12 ). The properties in the design condition are
called “Nozzle design properties “in this thesis. The nozzle subsonic pressure and the
design pressure will be achieved if the backpressure is equal to the exit pressure of the
nozzle. Line C indicates a case where a normal shockwave happens inside the diverging
part of the nozzle. The normal shock happens if the backpressure falls between the
nozzle’s subsonic and design pressure. This nozzle is called over-expanded because the
pressure at some point is less than backpressure. In an over expanded nozzle, a
shockwave happens either inside or outside of the diverging part of the nozzle which
results in pressure recovery. If the shock wave happens inside the diverging part of the
nozzle, the back pressure and the exit pressure are equal. But in the conditions where the
shock wave happens outside the diverging part but still between the subsonic and design
pressure, the exit pressure is lower than the back pressure. Shockwave location is related
to the inlet to back pressure ratio.

The nozzle with the backpressure less than the design pressure is called under-

expanded as some of the expansion will occur outside of the nozzle.
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Figure 2.11: Different possible exit pressures in a Laval nozzle
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Figure 2.12: Velocity distribution in a Laval nozzle
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Nozzle exit cross section area depends on not only the total length of the nozzle
but also the throat location inside the nozzle. Throat location depends on the flow

properties and needs to be determined as the first step to design a nozzle.
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CHAPTER 3: MODELING OF SUPERSONIC NOZZLES

3.1 MODELLING APPROACH

This thesis focuses on modelling and designing the proposed supersonic
dehydration system. The main part of the system is a converging-diverging nozzle, also
known as the Laval nozzle. In the modelling approach two different software packages
are linked: MATLAB, a numerical computing environment and programming language
and HYSYS, a process modeling and simulation software. Connecting these two
software packages leads to a powerful simulation tool to study new processes (Beronich
et al., 2005) and helped this study to analyze various process alternatives.

As the stream pressure and temperature is reduced by gas expansion within the
nozzle, the water vapour starts to condense to the aqueous phase. The condensed liquids
(including possibly natural gas liquids in case the pressure is below the cricondenbar)
should be removed from the gas stream before the nozzle diverges downstream of the
shockwave (see Figure 3.1). Some gas leaves the nozzle together with the liquids, which
should be separated and returned to the main gas leaving the nozzle at the exit. The
nozzle should be designed such that the gas leaving at the exit contains the desired level
of water and/or heavier hydrocarbons.

It is not the purpose of this work to focus on the ways by which these liquids
could be separated within the nozzle; however, there are various techniques the liquid

drop out could be separated (Alfyorov et al., 2005).
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Figure3.1: Schematic diagram of a supersonic dehydration unit

The first step to solve a nozzle is predicting the behaviour of the stream which
flows through the nozzle. Therefore, a MATLAB program was developed to solve the
governing equations of the system such as the continuity and momentum equations as
well as the first and second laws of thermodynamics. Besides, an equation of state is
needed to calculate the thermodynamic properties of the gas stream such as density,
viscosity, enthalpy, and entropy. The HYSYS process simulator was used to predict gas
properties using commonly used thermodynamic models and fluid properties estimation
techniques. The link between MATLAB and HYSYS gives simulation model the
capability of working with different EOSs. Input parameters to HYSYS are gas
composition, inlet temperature, pressure and the flow rate. Free water is almost always

present at well head conditions and it is assumed that the produced gas is saturated before
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entering the process (Kidnay and Parrish, 2006). The simulation was started with a dry
gas composition. A mixer was introduced in the simulation to saturate the feed gas with
water. Natural gas can hold different amounts of water at different conditions of pressure
and temperature. Natural gas saturation capacity increases as temperature increases and
pressure decreases. As the dry stream becomes saturated, there will be a change in
composition, inlet temperature, and flow rate of the gas stream. Condensation of water
causes a reduction in water dew point and a reduction in water content of the gas.

The flow through the nozzle is assumed to be supercritical, steady state, one
dimensional and compressible with no heat exchange. Two different cases for this

process were considered:

3.1.1 ISENTROPIC, ADIABATIC, AND FRICTIONLESS MODELING

The simplified conservation equations in the isentropic flow are as follows:

p V4, = p,V,A, = pVA = m = constant (3.1)
2 2

h0=hl+%—=h2+—V23— (3.2)

S2 =5 =S (3.3)

By solving these equations, momentum equation will be satisfied automatically.

R, +pi 4 — p, 4, =mV, —mV, (34
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P+ P
Where R, is called the thrust and can be defined as( . > 2 }(Al ~4,).

A suitable equation of state is needed to predict the necessary properties. For the
real gas assumption, the Peng-Robinson model was used here as the equation of state.

The ideal gas assumption was also made and the pertinent equations were
included in the simulation program so that a comparison between real and ideal gas
behaviour could be made. The only difference between the equations for real and ideal
gas is the equation of state. Ideal gas law is used as the equation of state in ideal gas
assumption. In this case, there will be no need to solve equations numerically as the
simplified equations are already available in the literature (Fox and Mc Donald, 1985). In
ideal gas flow, stagnation properties can be found by substituting the inlet properties in
these analytically derived equations. Stagnation properties will be constant throughout
the steady state flow and properties at each section can be found with respect to these

properties.

3.1.2 MODELING WITH FRICTION

In this case the flow is not isentropic and friction terms will be added to the
equations (Ozalp, 2005). In frictional flow the mean incremental properties can be

calculated using the following equation:

z _ gc,l + c,2
g = > (3.5)
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The Reynolds number for each segment can be calculated using Equation 3.6:

(Rey), = U;D” (3.6)

4

It is known that the friction coefficient (f) is a function of the Reynolds number
(Rep) and the surface roughness (¢) and can be defined by the Colebrook (Ozalp, 2005)

formula:

. 69 (e/D,\"

Having the friction coefficient in each segment, shear stress (Equation 3.8) and the

friction factor (Equation 3.9) will be found as follows:

i=12(3 (3.8)
(Ff )c = 7’_-072':’50A'xc (39)

The frictional loss term can then be defined as:

(7, ) oL (3.10)
m

P =

c

And the thrust is:
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fc=(P‘+sz(Al—Az) G.11)

Therefore, the following equations together with an equation of state need to be solved

simultaneously to predict the system.

oV 4, = p,V,A, = pVA =m = constant (3.12)
2 2
h, A h, +-VL+750
2 2 (3.13)
P = pdy =1V, =m¥ +(F,), 4, (3.14)

Which will satisfy the entropy equation where:

S, >S5, (3.15)

3.2 NUMERICAL SOLUTION TECHNIQUE

Solving all the equations analytically, is a time consuming process if not
practically impossible, therefore, a numerical technique was chosen to design the nozzle.
The Newton- Raphson (NR) method was used in this study. By using this method the
nonlinear equations can be solved simultaneously to predict the nozzle unknown
variables. In design and analysis of the supersonic nozzle, the goal is almost always
predicting two variables, pressure and temperature. These variables can be computed by
the Newtonian iteration. A two variable NR method can be developed by preparing the

following matrix (Hollis, 1996).
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- - ] -1 >
G =G" - oF. F (3.16)
oG

Where G shows the variables to be determined, F includes the equations that
should be satisfied and » is the iteration level. All the derivatives in this simulation were
computed numerically. The Newton-Raphson method was used in this simulation to
solve the relevant equations for three different conditions. Equation 3.17 is the actual
matrix used for each condition. Temperature and pressure are the variables to be
determined and the general form of the Newton-Raphson method in this simulation is as
described in Equation 3.16.

-1

n+l n __aE ___aF‘l
T T F
— _| aT oP 1 1
M H oF, oF, M 47
oTf oP

If the flow is assumed to be isentropic, energy and entropy equations should be

satisfied so F;and F, are as follows:

2 2
V. V.
F=h +-2L—-\h+1|=0 A
1 -1 2 (1 2) (3 8)

F,=S,,-5,=0 (3.19)

In a non-isentropic flow when friction is present F; and F; are described as
Equations 3.20 and 3.21, as entropy is not constant and the energy and momentum

equations will be satisfied:
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V2 gp—
Fl=h,-_1+—'2_1“— hl.+—2’—+<I)c =0 (3.20)

F,=P_ 4 +mv,_ — (B4 +my, +(7:;)c +Z) =0 (3.21)

To predict the properties downstream of the shock F; and F, are defined as

equations 3.22 and 3.23:

v? v2
F=h +2_|h+—|=0 22
1 i-1 2 i 2 (3 )
F,=PB_ 4, ,+mv,_ — (P4, +mv)=0 (3.23)

Where i denotes the properties in the section that properties are to be defined and
i1 indicates the properties in the previous section.

In this method, an initial guess for pressure and temperature is made at each
segment of known cross section area. The mixture density at the estimated pressure and
temperature is then found using the EOS. As the flow rate is known, flow velocity can be
predicted using the continuity equation. The actual properties are found by solving NR

matrix.

3.3 DesioN oF THE NozzLE
In order to design a Laval nozzle, the following data should be predetermined:
e Nozzle inlet diameter

e Half convergent and divergence angle
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e Inlet temperature of the dry gas stream
e Inlet pressure of the dry gas stream
e Inlet flow rate of the dry gas stream

e Nozzle total length
Nozzle is designed if its geometry, throat diameter, and the converging and
diverging lengths, is known. The flowchart in Figure 3.2 describes the nozzle design

procedure.
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Figure 3.2: A flow chart for designing a nozzle
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In this flowchart, Step C1 indicates that the program requires the user for the
input of inlet flow conditions and the fixed parameters in the nozzle geometry. These
parameters are inlet temperature, pressure, flow rate, inlet cross section area and the half
convergence and divergence angles, and the length increments. The flow inlet conditions
are given to the HYSYS simulator and by retrieving the density, enthalpy and entropy
form HYSYS and using the continuity equation, flow velocity can be found as indicated
in Step C2. Also in this step the speed of sound and Mach number are computed, and the
set of the necessary equations to use in Newton-Raphson method will be formed. These
set of equations are Equations 3.18 and 3.19 for the isentropic flow and Equations 3.20
and 3.21 for considering the presence of friction. To form and solve the friction equation
kinematics’ viscosity is retrieved from HYSYS, too. In Step C3, Ai; is found having A;
as the previous cross section area (i is the incremental index). In this study, it is assumed

that the nozzle cross section area changes linearly with length. Figure 3.3 shows the

schematic diagram of a typical Laval nozzle where @ and B are the convergence and

divergence half angles respectively.
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Figure3. 3: Schematic diagram of the supersonic nozzle
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The nozzle is divided to smaller increments of length ”x“ and the flow properties
at each incremental cross section area along the nozzle are calculated. In the assumed
nozzle, the diameter at each increment will change with the following trend (Equation

3.18) in the converging part considering D; as D; at the beginning.

A,,, =m(D, ~2xtan @)’ / 4 (3.18)

Step C4 asks the user for an initial guess for pressure and temperature to be used in the
Newton-Raphson (NR) method. This initial guess is arbitrary; however, there might be
an initial guess with which Newton-Raphson cannot converge. Using Newton-Raphson to
calculate the actual pressure and temperature is done in Step C5. This process continues
until the Mach number is greater than 0.99, which is really close to unity. This last cross
section area will be the throat of the nozzle. As the total length and the throat of the
nozzle are known, the converging (L c¢) and diverging (L_d) lengths can be calculated.
As shown in Step C6, the nozzle exit cross section area (4,) will be found using Equation

3.19 and the throat diameter (D) and the half divergence angle of the nozzle.

A, =n(D, +2*(L_d)tan §)* /4 (3.19)

Knowing the exit cross section area, pressure and temperature and other flow

properties can be known at the nozzle exit.
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3.4 RATING OF THE NOZZLE

In some situations the nozzle geometry is completely defined and the aim is to find the
maximum possible flow rate and/or pressure and temperature distributions along the
nozzle. If there is not enough flow rate in the system the overall pressure drop will be
low, but at the same time the flow is not expanded to the sonic velocity and it will be
subsonic everywhere in the nozzle. The flow in the system can be increased until the
maximum flow rate can be found considering the sonic velocity and choked flow exist in
the nozzle throat. Figure 3.4 illustrates the flow chart of rating a nozzle. As the first step
(C1) to rate the nozzle, the user is asked for the initial inlet conditions such as pressure,
temperature, the flow rate, and the complete nozzle geometry including the inlet, throat
and outlet cross section areas. The necessary equations for the Newton-Raphson method
will be formed in Step C2 by retrieving the enthalpy, entropy, density, and kinematics
viscosity and by finding the velocity. In Step C3 an initial guess for pressure and
temperature in the throat is made. The Newton-Raphson method is used to predict the
actual pressure and temperature at the throat. If this method converges and the actual
properties are found in the throat, Mach number at the throat will be computed and if the
flow is choked (Mach number>0.99), the same procedure will be repeated (Steps C5 and
Co6) to find the exit pressure and temperature. If Mach number at the throat is less than
0.99, the flow rate should be adjusted and the flow capacity is higher. In case the
Newton-Raphson method does not converge to find the pressure and temperature in Step

C4, the flow rate is more than the maximum possible flow rate and it is needed to be
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reduced. By dividing the converging and diverging length to smaller increments (defined
as dL c and dL_d), pressure and temperature distribution along the nozzle can be found.
To find the properties distribution in the nozzle, a parameter for a diverging length
increment (dL d) is defined and the cross section areas are computed using Equation

3.20.

A, =m(D,+2*(dL_d)tan §)* /4 (3.20)
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Figure 3.4: Flow chart for rating a nozzle
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3.5 SHOCKWAVE PREDICTION

After the nozzle is either designed or rated, it is time to find the properties such as
pressure and temperature properties and predict the shockwave location (if happening).
The flow expands as the nozzle converges and the flow pressure and temperature will be
predicted using the Newton-Raphson method. The other properties such as density,
velocity, and Mach number will be computed using the pressure and temperature. By
reducing the pressure and temperature, the water in the flow starts condensing and the
remaining water in the vapour phase is retrieved from the HYSYS. After the throat,
depending on the backpressure of the nozzle, the pressure might recover without any
further expansion or it might expand further down and become supersonic. Therefore,
more liquid will be separated in the liquid phase. If the flow is supersonic in the
diverging part of the nozzle, depending on the backpressure a shockwave may occur.
The shockwave might happen inside or outside of the diverging part of the nozzle.

In this process a few shock locations were assumed at different lengths form the
nozzle throat, in the diverging part of the nozzle. Since the pressure and temperature
along the nozzle before the shock is predicted at each cross section area, the upstream
properties of the shockwave are known. The condensed liquids should be separated
before the shock. This process was simulated in HYSYS by using a separator (3.5). A
vapour stream from the top of the separator enters the diverging part of the nozzle after

the shock. A set of flow properties upstream of the shock are found. The flow properties
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in the rest of the nozzle are found with respect to the shock’s downstream properties.
Finally the exit properties, including the pressure recovery percentage are predicted as the

exit nozzle cross section area is already known.

Gas étream
after the shockwave

Stream before
the shockwave

Separated
liquids

Figure 3.5: Process simulation to separate the condensed liquid.

If the selective water removal is required the pressure and temperature before the
shock need to be kept above the cricondenbar and cricondentherm (Karimi and
Abedinzadegan Abdi, 2006). There are several possibilities to keep the pressure and
temperature such that the fluid remains in a single phase. The stream can be compressed
to pressures well above critical pressure so the fluid remains in supercritical conditions
all the way through the nozzle. The combination of high pressure with high temperature
is another method of keeping the stream in a single phase. In a number of conditions of

pressure and temperature (especially high pressures), the pressure recovery percentage
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can be chosen in order to predict the shockwave before hydrocarbon condensation
happens while near to complete water removal is achieved. In lower pressure conditions,
selective water removal can still be achieved but a higher pressure-recovery will result in

less expansion in the stream and a reduction in the water removal efficiency.
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CHAPTER 4: ANALYSIS AND RESULTS

4.1 MODEL VALIDATION

The proposed model to simulate the flow behaviour in the supersonic nozzles was
validated by the computational fluid dynamics (CFD) modeling using commercial CFD
software (Fluent). Unlike HYSYS, Fluent is limited to a few EOS and can only use a
pure gas as the working fluid rather than a gas mixture. Therefore, in the CFD
modelling, pure methane was considered as the working fluid and the modified Benedict
Webb Rubin (MBWR) used as the equation of state. In this equation of state, pressure is

an explicit function of temperature and density as shown in Equation 4.1:
P=pRT+Y(p,T) 4.1)

Where function Y includes 32 terms and 33 adjustable constants.

The nozzle geometry and other nozzle’s parameters are shown in Table 4.1. The nozzle
has a rectangular cross section area and the inlet and outlet cross section areas are 0.04
and 0.03 (m?), respectively.

Table 4.1: Nozzle geometry for validation with Fluent

Nozzle inlet diameter (m) 0.0400
Nozzle throat diameter (m) 0.0163
Nozzle outlet diameter (m) 0.0300
Nozzle converging length (m) 0.0527
Nozzle diverging length (m) 0.1473
Nozzle total length (m) 0.2000

To predict the flow behaviour in the supersonic nozzle with the proposed model
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in this thesis, pressure, temperature and the flow rate should be known as the inlet
conditions. However, in CFD simulation, the inlet pressure and temperature are
sufficient to predict the flow behaviour in the nozzle and the flow rate will be computed
based on the inlet conditions. Fluent uses a rather complex k-e turbulent model and
solves the governing partial differential equations using finite volume approach to predict
the flow field behaviour. The proposed model in this thesis uses the simplified one-
dimensional conservation laws and other related thermodynamic relations discussed
before in Chapter 3 to predict the variation of various parameters along the nozzle.
Table 4.2 lists the inlet pressure and temperature. For the model used in this work, the

inlet flow rate is predefined at 67,330 kmole/h (300 kg/s) and the predicted flow rate with

CFD modelling is the same.
Table 4.2: Nozzle inlet flow conditions for validation
Inlet temperature(°C) 18.5
Inlet pressure (kPa) 9,250

The flow behaviour in the absence and presence of friction is predicted in both
models. The results of this comparison with 75.67% inlet pressure recovery

(backpressure of 7 MPa) are shown in Figures 4.1 to 4.5.
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Figure 4.1: Pressure distributions and shockwave locations along the nozzle with
75.67% recovery of inlet pressure in the supersonic-CFD comparison study
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Figure 4.2: Temperature distributions and shock locations along the nozzle with 75.67%
recovery of pressure inlet in the supersonic-CFD comparison study
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Figure 4.3: Velocity distributions and shock locations along the nozzle with 75.67%
recovery of pressure inlet in the supersonic-CFD comparison study
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Figure 4.4: Mach number distributions and shock locations along the nozzle with
75.67% recovery of pressure inlet in the supersonic-CFD comparison study
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Figure 4.5: Density distributions and shock locations along the nozzle with 75.67%
recovery of pressure inlet in the supersonic-CFD comparison study
Both simulations showed that the flow behaviour along the nozzle is not
significantly affected by the presence of friction. The friction however changes the
location of shockwave when it happens inside the nozzle. The shockwave location in the
frictionless flow is ahead of the frictional flow and towards the nozzle exit. Table 4.3

shows the shock locations in both simulations, in the cases where friction is present, and

in the frictionless case as a percentage of the total length.

Table 4.3: Shock location predicted with the two simulators (% of total length)

Frictionless Friction % Deviation
CFD modeling 61.5 59.5 3.25
Model used in this thesis 64 62.25 2.73
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The flow behaviour predicted by the proposed method for supersonic separator agrees
extremely well with the behaviour predicted by a complex computational modelling
software (Fluent), giving rise to the accuracy of computational modelling and analyses
preformed in this thesis. We could not claim that the result would also agree well with
the actual nozzle performance until experimental tests are conducted. Such tests are

beyond the scope of the current research work.

4.2 VARIABLES EFFECTS

A dry gas (a stream that does not contain water) with the composition shown in
Table 4.4 is used in the simulation. It was assumed that the flow field is compressible,
steady state, and one-dimensional.

Table 4.4: Dry gas composition for variable-effects studies

Gas Components Mole fractions
Methane 0.95
Ethane 0.04
Propane 0.01

The natural gas water content depends on the stream conditions and the equation
of state used. The dry gas stream was saturated with water in the HYSYS simulator to
represent produced gas conditions. The gas is saturated in the HYSYS simulation using
the appropriate equation of state assuming that natural gas is a real gas. In this
simulation, the Peng-Robinson equation was used as the thermodynamic model to

saturate the stream with water. In this process, a dry gas stream is mixed with free water
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in a mixer, until the stream is saturated with water. Saturated gas is separated from free
water in a separator as the vapour outlet and is used as the working fluid for the
supersonic nozzle. The saturation results from HYSYS were compared with the data
from the McKetta charts (GPSA Databook,1998) and the descripency between the two

methods were less than +3 .

Saturated gas
Dry gas

Ly o
I }—-—-——ﬁb——-’ Separator
[ 7 e e

Free water Mixer

Free water

Figured4.6: Dry gas saturating in HYSYS simulator

In this study a dry stream with the inlet condition shown in Table 4.5 is defined as
the base stream for all the simulations. This dry stream, after saturation, is called “Test
Stream” in this thesis. Gas saturation will slightly change the stream temperature and
flow rate. The inlet condition of the dry gas stream and the “Test Stream” are shown in
Table 4.5. After the gas is saturated with water, the gas composition is changed. Table
4.6 shows the “Test Stream” composition.

Table 4.5: Gas inlet condition

Stream Parameters Dry gas | Saturated gas
Temperature (°C ) 20.00 19.85
Pressure (MPa) 30 30
Molar flow Rate (kmol/h) | 5,000 5,001.14
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Table 4.6: “Test Stream” gas composition

Gas Components Mole fractions
Methane 0.94970
Ethane 0.39990
Propane 0.09997
Water 0.00023

“Test Stream” behaviour in the supersonic nozzle such as properties distribution along
the nozzle, shockwave location, and water removal efficiency are studied as functions of
different variables such as the nozzle length, equation of state, pressure, temperature and

flow rate and backpressure in the nozzle.

To design a supersonic nozzle in this condition, the nozzle inlet diameter, and the
convergence and divergence half angles are fixed as shown in Table 4.7. These

parameters are chosen arbitrarily.

Table 4.7: Fixed parameters used in the study of variable effects

Nozzle inlet diameter (m) 0.04
Convergence half angle 6.85°
Divergence half angle 3.00°

In this design, the total length of the nozzle is also fixed. The nozzle length is
chosen arbitrarily but within a range found using the following procedure. For each flow

inlet condition and the nozzle geometry, there is a unique cross section area in which the
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flow is choked (sonic velocity is reached). Therefore, the converging part in each nozzle
is constant but the diverging part varies with the variation in the nozzle total length. The
lower bound for the nozzle length is therefore where the nozzle turns to a mere
converging nozzle and the total length is the distance from the nozzle inlet to the throat.
The upper bound of the length is the longest length for which, at any flow rate smaller
than the design flow rate, the exit pressure should not exceed the inlet pressure.

For the “Test Stream”, the nozzle throat was designed and the converging part of
the nozzle is found to be 0.082 m. A stream with the pressure and temperature equal to
“Test Stream” but with the molar flow rate lower than the design flow rate of 5,000
kmole/h was introduced to nozzles with different lengths starting with the converging
nozzle length. This molar flow rate is intentionally chosen very small to produce the
lowest possible pressure drop in the longest possible nozzle where the exit pressure will
be really close to inlet pressure. To simulate this situation, the nozzle length is increased
gradually and the subsonic nozzle pressure is found for each condition. This process is
continued until the longest nozzle length is found. The longest possible nozzle is when a
tiny increase in the length will result in a subsonic nozzle pressure greater than the inlet
pressure. The longest possible nozzle for the “Test Stream” is found to be 0.27 m.
Therefore, the chosen nozzle length should be between 0.082 and 0.27 m. A short nozzle
causes the high-pressure drop and long nozzle will result in a bigger nozzle. For this
simulation, a nozzle of 0.12 m long is chosen.

A nozzle can be designed using the fixed parameters in the nozzle geometry and a
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gas stream with known inlet pressure, temperature, and flow rate as a working fluid.
Table 4.8 indicates the designed nozzle specifications considering the fixed length of 0.12
m for the nozzle.

Table 4.8: Nozzle specifications for “Test Stream”
Nozzle throat diameter(m) 0.021
Nozzle convergence length (m) | 0.082
Nozzle divergence length(m) 0.038
Nozzle outlet diameter(m) 0.024

As the system of governing equations is solved, properties distribution along the
nozzle will be known. For each designed nozzle, unique “recovery properties” and
“design properties” exist. Different shockwave locations can be predicted by choosing
different backpressures. Higher backpressure results in a higher pressure recovery.
However, backpressure can not be higher than the nozzle “recovery pressure”. Higher
pressure recovery causes the shockwave to happen earlier in the nozzle. It can therefore
be chosen such that the stream conditions can be kept in the dense gas phase in the phase

envelope and consequently a selective water removal can be achieved.

4.2.1 INFLUENCE OF EQUATION OF STATE

The “Test Stream” behaviour as a real gas, which follows the peng-Robinson
equation of state, was compared with the results of simulation assuming that the stream is

an ideal gas. In order to predict the property distributions along the nozzle for the ideal

gas case, the stream properties such as molecular weight and & (C,/C,) for the ideal gas

should be known. These properties can be extracted from standard physical properties
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handbooks such as GPSA Data book or from the HYSYS physical properties library.

To compare the behaviour under real and ideal gas assumptions, two approaches
were used:
4.2.1.1 DESIGNING A NEW NOZZLE USING IDEAL GAS

As the first approach, a nozzle was designed using ideal gas law for the same
stream conditions. Assuming a fixed nozzle length, the nozzle throat location was found
considering the choked flow at the nozzle throat. Knowing the nozzle converging and
diverging lengths, the outlet diameter will also be known (See Table 4.9).
Table 4.9: Designed nozzle specifications for an ideal gas
Nozzle throat diameter(m) 0.024
Nozzle converging length (m) [ 0.067

Nozzle diverging length(m) 0.054
Nozzle outlet diameter(m) 0.030

Figure 4.7 shows the geometry of the designed nozzle for the real gas and ideal
gas assumptions. The nozzles geometry indicates that for the same inlet flow rate, the
nozzle throat under ideal gas conditions is 18.34% larger than real gas which results in a
22% bigger outlet diameter. The length at which the ideal gas becomes choked is 18.8%

shorter than the length for the real gas.
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Figure 4.7: The geometry of the separated designed nozzle for ideal and real gas
assumptions

In Figure 4.8, the nozzle subsonic pressures and nozzle design pressures for the

two nozzles are presented and compared. The results show that ideal gas needs a longer
nozzle to achieve the same pressure reduction as real gas. For the nozzle with the
specified length in this example, the design pressure is 36.73 % and the subsonic pressure
is 11.6% lower for the real gas. As a result, the highest possible inlet pressure recovery

is 92.3% in an ideal gas situation and 82.7% for real gas.
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Figure 4.8: Pressure distributions along the separately designed nozzle for ideal
and real gas assumptions

To be able to predict the shockwave location in the nozzle to partially recover the
inlet pressure, backpressure should be chosen between the nozzle “recovery pressure”
and “design pressure”. Figure 4.9 presents the pressure distribution along the nozzle
when a normal shockwave occurs to recover 70% of the inlet pressure (exit pressure of
21 MPa). The shockwave in the real gas nozzle happens at 85% of the nozzle length and
in ideal gas, it shifts 12% toward the nozzle exit. In the real gas case, the pressure
reduction before the shockwave is 82.42% of the inlet pressure and it reduces to 78.22%

of the inlet pressure for the ideal gas case.
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Figure 4.9: Pressure distribution and shockwave location along the designed nozzle for
real and ideal gas assumptions with 70% inlet pressure recovery
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Figure 4.10: Temperature distribution and shockwave location along the designed nozzle
for real and ideal gas assumptions with 70% inlet pressure recovery
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Figures 4.10 and 4.11 show the temperature and velocity distributions in the

designed nozzles under ideal and real gas conditions.
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Figure 4.11: Velocity distribution and shockwave location along the designed nozzle for
real and ideal gas assumptions with 70% inlet pressure recovery

The ideal gas assumption underestimates the water capacity of natural gas.
Figure 4.12 shows water removal performance of the nozzle for a case where a 70 % of
the inlet pressure recovery is considered as the design criteria. Both real and ideal gas
can predict close to complete water removal, i.e., 99% for real gas and 95% for ideal gas
(See Figure 4.12). As the pressure and temperature are lower in the ideal gas case, the
only liquid phase will be the aqueous phase as the flow conditions stay within the gas

phase region of the phase envelope. For the real gas case, just before the shockwave the
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pressure and temperature fall into the two-phase region of the phase envelope and
therefore a liquid hydrocarbon phase is formed. In Figure 4.13 , the pressure,
temperature distribution along the nozzle as well as the phase diagram related to Peng-

Robinson as the equation of state is shown. .
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Figure 4.12: Theoretical water removal along the designed nozzle for real and
ideal gas assumptions with 70% inlet pressure recovery
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Figure 4.13: Phase envelope and Pressure-Temperature distributions along the designed
nozzle for real and ideal gas assumptions with 70% inlet pressure recovery

4.2.1.2 RarinG NozzLes UsING IDEAL GaS ASSUMPTION

Since the goal here is to use the same nozzle for both real and ideal gas cases, the
nozzle needs to be rated under the two real and ideal gas conditions. Therefore, both real
and ideal gas nozzles should have the same geometry. The nozzle flow capacity under
ideal gas conditions is less than that of the real gas as the flow rate needs to be reduced to
3,524.7 from 5,001.14 kmole/h in order to get the Mach number close to unity at the
throat. All the comparisons were made under constant nozzle specifications and inlet
flow properties; the flow rate however could not be fixed. Figure 4.14 presents the

comparison between the”recovery pressure” and the “design pressure” in each nozzle.
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The ideal gas “design pressure” is 50 % and its”recovery pressure” is 8% higher than the
real gas. Therefore, the inlet pressure can be recovered up to 8 % more in the ideal gas
case. The maximum pressure recoveries for real and ideal gas situations are 82.7 and

89.3% of the inlet pressure, respectively.
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Figure 4.14: Pressure distributions along the rated nozzle for ideal and real gas
assumptions

If the backpressure is fixed at 70% recovery of the inlet pressure (21 MPa at the

nozzle exit), the shockwave location in the ideal and real gas cases will be different.
Shockwave location for ideal gas will be at 97.33% of the total nozzle length while shock

occurs at 82.83% of the total length in the real gas conditions. In the real gas case, the
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pressure reduction before the shockwave is 82.42% of the inlet pressure and it drops to
76.6% for the ideal gas.
Figures 4.15, 4.16, and 4.17 present the pressure, temperature and velocity

distributions along the nozzle for the same inlet pressure recovery (70%) condition.
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Figure 4.15: Pressure distributions and shockwave location along the rated nozzle for
ideal and real gas assumptions with 70% inlet pressure recovery
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Figure 4.16: Temperature distributions and shockwave location along the rated nozzle
for ideal and real gas assumptions with 70% inlet pressure recovery
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Figure 4.17: Velocity distributions and shock wave location along the rated nozzle for
ideal and real gas assumptions with 70% inlet pressure recovery

The above discussions and analyses show the importance of choosing a suitable
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equation of state. In a supersonic nozzle the ideal gas assumption, results in significant
deviations in calculating the gas properties along the nozzle as well as predicting the
nozzle performance when compared to the results obtained when the real gas assumption

is made.

4.2.2 Errect OF INLET PRESSURE

Four dry gas streams (streams with no water content) with equal temperatures and
different pressures are introduced to the nozzle and saturated with water. As mentioned
before water saturation slightly changes the temperature and the flow rate. The stream

capacity to hold water will decrease by the increase in inlet pressure as shown in Table

4.10. The stream composition after saturation is shown in Table 4.11.

Table 4.10: Inlet streams conditions for inlet-pressure-effect studies

Test
Stream Name 1 stream 2 3
Temperature( °C ) 19.72 19.85 19.86 | 19.87
Pressure (MPa) 10 30 50 70

Molar flow Rate (kmol/h) | 5,001.7 [ 5,001.1 5,0010 | 5,000.9
Water content (mg/m®) | 264.5 174.1 150.3 | 109.7

Table 4.11: Streams gas composition (mole fractions) for inlet-pressure-effect studies

Methane 0.950 0.950 0.950 0.950
Ethane 0.040 0.400 0.040 0.040
Propane 0.010 0.100 0.010 0.010
Water 0.000 0.000 0.000 0.000
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These streams were introduced to the nozzle designed using the “Test Stream’
condition. For the streams with pressures above that of the “Test Stream” (Streams 3 and
4), the Mach numbers at the throat are lower than unity (0.333 and 0.231, respectively)
which means the flow rate is not enough to reach supersonic conditions for the specified
nozzle geometry. The Newton-Raphson component of the program diverges and fails to
compute the Mach number at the throat for Stream 1. Therefore, either the flow rate
should be adjusted in order to choke the flow at the throat or a suitable nozzle for each

stream condition should be designed.

4.2.2.1 DESIGNING NOZZLE FOR EACH GAS STREAME IN PRESSSURE-EFFECT STUDIES

The purpose of this study is to design a nozzle for each of the streams such that
the flow becomes choked at the nozzle throat. The flow rate used for all different inlet
conditions remains constant in this study. For each stream, the nozzle throat diameter
should first be found. The throat distance from the inlet is the converging length of the
nozzle and the lower bound for the nozzle total length. The upper bound for the nozzle
length is predicted using the previously mentioned procedure (see Section 4.2). As
shown in Table 4.12, the converging length of the nozzle increases with the inlet pressure
while the throat diameter decreases. The nozzle designed for Stream 1 is a lot shorter
than the nozzle for the other streams. A comparison was made between the pressure
distributions in the nozzle designed for “Test Stream”, and Streams 2 and 3 as the nozzle

length for Stream 1 is different. Figure 4.18 shows the pressure distributions along the
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nozzles designed using these three streams (“Test Stream”, Streams 2 and 3) as the
working fluids. For this comparison, nozzle total length is considered to be 0.12 m.
Figure 4.18 also shows the pressure distributions along the nozzle with the total length of
0.06 m for Stream1. The nozzle “recovery pressure” and “design pressure” are obtained
in each case. These two pressures define the range of the nozzle exit pressure as a
percentage of the inlet pressure. These ranges are shown in Table 4.13.

Table 4.12: Inlet condition of the streams in the pressure effect studies

Test
Stream Name 1 Stream 2 3
Nozzle throat diameter(m) 0.035 0.020 0.016 0.014
Nozzle convergence length (m) | 0.020 0.081 0.099 0.108
Length upper bound (m) 0.066 0.270 0.327 0.355

As shown in Table 4.13, for the same flow rate, a very shorter nozzle is designed for
Stream 1 where the pressure is low. As the pressure increases, the nozzle’s recovery
pressure decreases which means that a longer nozzle should be designed to recover the
same amount of pressure for streams with lower pressures. For Stream 3 and in a nozzle

of 0.12 m long, the 70 % inlet pressure recovery never happens; therefore a longer nozzle

should be designed.
Table 4.13: Inlet conditions for streams with different pressures
Stream Name 1 Test Stream 2 3
Nozzle length (m) 0.06 0.12 0.12 0.12
Exit pressure range
(% of inlet 29.61 -98.10 | 14.84-82.72 1 10.25-77.99 | 7.45 - 62.8
pressure)
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Figure 4.18: Pressure distributions along the designed nozzle for pressure-
effect studies

A nozzle of 0.12 m, capable of recovering 70% of the inlet pressure could be
designed for the “Test Stream” and Stream 2. Figures 4.19 to 4.21 show the pressure,
temperature, and velocity distributions as well as shockwave locations along a nozzle
with a length of 0.12 m with 70% inlet pressure recovery for the “Test Stream” and

Stream 2 .
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Figure 4.19: Pressure distributions and the shockwave location along the
designed nozzle with 70% pressure recovery for pressure-effect studies

The increase in the inlet pressure causes the choked flow to happen later in the

nozzle and therefore the throat for “Test Stream *

is at 68.5 % of the total length and

increases to 82.85% and 90% of the total length as the inlet pressure increases from 30 to

70 MPa. As mentioned 70% of the inlet pressure

can not be recovered in the nozzle

designed for Stream 3 but the shockwave happens inside the diverging part of the nozzle

of 0.12 m long for the “Test Stream “ and Stream

nozzle length.
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Figure 4.20: Temperature distributions and the shockwave location along
the designed nozzle with 70% pressure recovery for pressure-effect studies
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Figure 4.21: Velocity distributions and the shockwave location along the
designed nozzle with 70% pressure recovery for pressure-effect studies
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Figure 4.22 presents the phase envelope and the pressure-temperature
distributions along the designed nozzle with 70% recovery of the inlet pressure. It can be
seen that in Stream 2 (with an inlet pressure of 50 MPa), the selective water removal can
be achieved as the pressure and temperature are kept above the phase envelope and in the

single dense phase.
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Figure 4.22: Phase envelope and Pressure-Temperature distributions for designed
nozzle in pressure-effect studies with 70% inlet pressure recovery
4.2.2.2 RATING NOZZLES FOR EACH GAS STREAM IN PRESSURE- EFFECT STUDIES
Since the gas flow rates are either not enough or more than enough to achieve the
sonic conditions at the throat, the inlet flow rates were adjusted for each stream condition.

The flow capacity of the nozzle increases with pressure. Depending on the backpressure
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of the nozzle, the exit pressure will fall in a range whose lower and upper bounds are

given by a percentage of the inlet pressure as shown in Table 4.14. These results are

shown in Figure 4.23.
Table 4.14: Adjusted flow rates and exit pressure range for pressure-effect studies
Stream Name 1 Test Stream 2 3
Molar flow Rate 1.491
(kmole/h) ’ 5.000 8,016 10,544
Exit pressure range 20.25 - 942 -
(% of inlet pressure) 87.88 14.83 - 82.71 79.75 6.56-78.14
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Figure 4.23: Pressure distributions along the rated nozzle for pressure-
effect studies

As pressure increases from 10 to 70 MPa, the maximum pressure recovery of the
nozzle will be reduced for nearly 10%. A shockwave occurs in the nozzle in all

conditions of pressure and temperature, when 70% recovery of the inlet pressure is
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desired. As Figure 4.24 shows, the decrease in inlet pressure will shift the shockwave

location towards the nozzle exit.
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Figure 4.24: Pressure distribution for rated nozzle in pressure-effect studies with 70%
inlet pressure recovery

Table 4.15 indicates that as the inlet pressure increases, the pressure along the
nozzle will decrease further before the shockwave occurs. Since the location of
shockwave is closer to the nozzle exit in lower inlet pressures, it can be concluded that
pressure reduction will be steeper in higher pressures. As pressure decreases from 70 to
10 MPa, shockwave will shift 12.29 % towards the nozzle exit. Supersonic nozzles can
therefore become shorter as inlet pressure increases and shockwave happens earlier in the

nozzle.
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Table 4.15: Shockwave location: comparison for pressure-effect studies

Stream Name 1 Test 2 3
Stream
Pressure reduction (% of inlet pressure) | 76.79 82.43 88.92 1 92.36
Shockwave location (% of total length) | 92.25 85.03 81.41 | 80.92
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Figure 4.25: Phase envelope nd Pressure-Temperature distributions for pressure-
effect studies with 70% inlet pressure recovery

Plotting the temperature variation with pressure for a nozzle in which 70% of the
inlet pressure recovery is desired, illustrates in the four gas conditions, the lines remain
in the dense phase region all the time and therefore, two liquid phases (water and
hydrocarbon) will be present. However, as the inlet pressure increases the temperature-

pressure variation is more likely to stay in the dense supercritical phase of the phase
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envelope (see Figure 4.25). Figures 4.26 and 4.27 indicate the temperature and velocity
distribution along the nozzle when 70 % recovery of the inlet pressure is the design

criteria.
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Figure 4.26: Temperature distributions and the shock wave location in the rated nozzle in
pressure-effect studies with 70% inlet pressure recovery
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Figure 4.27: Velocity distributions and the shock wave location in the rated nozzle in
pressure-effect studies with 70% inlet pressure recovery

4.2.3 EFFECT OF INLET TEMPERATURE

Four dry streams (streams with no water content) with equal pressures and
different temperatures are introduced and saturated with water. As mentioned before
water saturation slightly changes the temperature and the flow rate as shown in Table
4.16. It can be seen that the streams water content increases with the increase in

temperature (see Tables 4.16 and 4.17).
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Table 4.16: Inlet condition of the streams for inlet-temperature-effect studies

Stream name 1 Test 2 3
Stream
Temperature(°C ) 0.95 19.85 39.60 59.05
Pressure (MPa) 30 30 30 30
Molar flow Rate (kmol/h) | 5,000.4 | 5,001.1 | 5,003.0 5,007.1
Water content (mg/m®) 60.187 174.072 | 465.095 | 1,085.250

Table 4.17: Streams gas composition (mole fractions) for inlet-temperature-effect studies

Methane 9.4997E-01 9.4970E-01 9.4942 E-01 9.986E-01
Ethane 4.000E-02 3.9990E-01 3.997¢-02 3.994E-02

Propane 9.999E-03 9.9970E-02 9.993¢-03 9.986-03
Water 7011E-05 2.3000E-04 6.1042¢-04 1.424E-05

These streams were introduced to the nozzle designed using the “Test Stream”™ as

the working fluid. For the streams with the temperature lower than the “Test Stream”

(Stream 1), the Mach number at the throat will be lower than unity (0.61414) which

means the flow rate is not enough for this stream conditions and nozzle geometry. The

Newton-Raphson component of the program (see section 3.4) does not converge to find

the Mach number at the throat for Streams 2 and 3. Therefore, either the flow rate should

be adjusted in order to choke the flow at the throat or a suitable nozzle for each stream

condition should be designed.

4.2.2.1 DESIGNING 4 NEW NOZZLE FOR EACH GAS STREAM IN TEMPERSTURE —EFFECT SUDIES

In order to have the choked flow at the nozzle throat in different inlet conditions

and constant flow rates, a specific nozzle should be designed for each case. Designing a

nozzle for each condition of inlet pressure and temperature with a constant inlet flow rate,
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indicates that the length of the convergence part of the nozzle increases with inlet
temperature Table 4.18 shows the throat diameter and the nozzle convergence length.
Figure 4.28 presents the designed nozzle geometry for each condition.

Table 4.18: Nozzle geometry in temperature-effect studies

Test
Stream name 1 stream 2 3
Nozzle throat diameter(m) 0.0192 0.0203 0.0212 | 0.0221
Nozzle convergence length (m) | 0.0864 0.0813 0.0782 | 0.0746
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Figure 4.28: Designed nozzle geometry for temperature-effect studies

Figure 4.29 shows the nozzle “recovery pressure” and the “‘design pressure” in

each nozzle. In all four cases the “design pressure” is about 15% of the inlet pressure.

The highest possible pressure recovery in the nozzle, “recovery pressure”, increases with

86



the increase in temperature and falls between 79.26 and 87.13% of the inlet pressure for
the nozzle with the defined length.
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Figure 4.29: Pressure distributions along the designed nozzle for temperature-effect
studies
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Figure 4.30: Pressure distributions and shockwave location along the designed nozzle for
temperature —effect studies with 70% recovery of inlet pressure

Figure 4.30 shows the pressure distributions in the nozzle if the 70% recovery of
the inlet pressure (21 MPa) is chosen as the design criteria. The throat in each nozzle is
marked in this figure. While the inlet pressure and the flow rate are constant, with an
increase in inlet temperature, the length of the converging part of the nozzle decreases
and the flow is choked earlier in the nozzle. At the same time, the shockwave location
shifts towards the nozzle exit. Therefore, the distance between the nozzle throat and the
shockwave increases. As the inlet temperature decreases from 60 to 1° C, the throat cross
section area decreases 24.14% and the nozzle exit cross section decreases 29.00?%.

In the nozzle with Stream 1 as the working fluid, the distance between the nozzle
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throat and the shockwave location is 9.47% of the nozzle length and this distance
becomes longer, up to 32.19% of the nozzle length as the temperature increases to 60 °C.
With the increase in inlet temperature from 1 to 60 ° C, the throat location shifts
form 72.00% of the total length to 62.16% of the total length so the flow can become
choked, up to 10% of the total length earlier. At the same situation, shockwave location
varies from 79.58% of the total length to 91.66% of the total length.
Figures 4.31 and 4.32 present the temperature and velocity distributions along the

nozzle with 70% recovery of the inlet pressure.
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Figure 4.31: Temperature distributions and shockwave location along the designed
nozzle for temperature—effect studies with 70% recovery of the inlet pressure
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Figure 4.32: Velocity distributions and shockwave location along the designed nozzle for
temperature—effect studies with 70% recovery of inlet pressure

As can be seen in Figure 4.33, smaller pressure expansions happen with
temperature when the design criterion is set for 70% recovery of inlet pressure. At the
temperature of 60 °C, the flow condition will be in the single phase region of the phase
envelope and therefore, water phase is the only liquid phase and water can be removed

selectively, without affecting the hydrocarbon content of the gas stream.
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Figure 4.33: Phase envelope and Pressure- Temperature distributions along the designed
nozzle and temperature-effect studies with 70% inlet pressure recovery

Table 4.19 presents the initial water content in the stream and the remained water
content in the nozzle stream after separating the condensed liquid before the shockwave
in a nozzle which is designed to recover 70% of the inlet pressure. In reality condensed
liquids cannot be completely separated from the main stream in the nozzle, therefore the
results shown here are theoretical assuming that 100% of the condensed liquid is
separated. Figure 4.34 shows the gas water content along the nozzle. The water content

increases with inlet temperature (see Figure 4.34). Theoretically, a close to complete

water removal can be achieved in the supersonic nozzle in all the inlet conditions.

91



Table 4.19: Remained water content in the nozzle stream after the shockwave for the
designed nozzle in temperature-effect study with 70% inlet recovery

Inlet Initial water content
temperature Remainder water content (mg/m3)
1 59.39 0.23
20 174.07 0.18
40 464.22 0.24
60 1084.30 0.84
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Figure 4.34: Theoretical water removal along the designed nozzle and temperature-effect
studies with 70% inlet pressure recovery.
4.2.2.2 RATING NOZZLES FOR EACH GAS STREAM IN TEMPERATURE-EFFECT STUDIES
If the aim is using one nozzle for different inlet temperatures, the flow rate should
be adjusted such that the sonic velocity is reached at the throat and the flow is choked.
The designed nozzle using the “Test Stream” is used for this simulation. Table 4.20

shows the adjusted flow rates in each condition inlet temperature. The flow capacity
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decreases with the increase in the inlet temperature.

Table 4.20: the adjusted flow rate to rate the nozzle in temperature —effect-studies

Stream name 1 Test stream 2 3
Molar flow Rate (kmole/h) 5,565 5,000 4,538 4,179
Exit pressure range 14.51,-,80.76 | 14.84,-82.71 | 14.94-84.14 | 15.23,-,85.24
(% of inlet pressure)

Depending on the nozzle backpressure, the exit pressure will fall in a range whose lower

and upper bounds are given as a percentage of the inlet pressure in Table 4.20. In nozzles

with constant lengths, as the inlet temperature increases, the maximum possible recovery

of inlet pressure will increase while the lowest exit pressure will stay almost unchanged.

These results are shown in Figure 4.35.
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Figure 4.35: Pressure distribution along the rated nozzle in the temperature-effect-studies
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If the 70% recovery of the inlet pressure is used as the design criteria, the
shockwave location varies depending on the inlet conditions (see Figure 4.36).
Increasing the inlet temperature from 1 to 60 ° C, shifts the shockwave location 12.82%
towards the nozzle exit. The inlet pressure decreases between 82 to 83% before the

shockwave happens.
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Figure 4.36: Pressure distribution and the shockwave location along a rated nozzle in
temperature-effect-studies with 70% recovery of inlet pressure
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Figure 4.38 illustrates that with 70% recovery of inlet pressure, as the inlet
temperature increases the amount of the liquid phase decreases and finally it can be seen
that with the inlet conditions for Stream 3, the flow remains in a single phase. Figures
4.39 and 4.40 show the temperature and velocity distributions along the rated nozzle in

the temperature effect studies and when 70% of the inlet pressure recovery is obtained.
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Figure 4.36 illustrates that close to complete water removal occurs in the nozzle before

the shockwave happens (see Table 4.21).

Table 4.21: Remained water content in the nozzle stream after the shockwave for the
designed nozzle in temperature-effect study with 70% inlet recovery

Inlet Remainder water content
temperature Initial water content (mg/m3) 3
°C) (mg/m3)
1 59.39 0.15
20 174.07 0.18
40 464.22 0.24
60 1,084.30 0.77
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Figure 4.38: Phase envelope and Pressure- Temperature distributions along a rated
nozzle in the temperature-effect studies with 70% inlet pressure recovery
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Figure 4.39: Temperature distribution and the shockwave location along a rated nozzle
in the temperature-effect-studies with 70% inlet pressure recovery
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Figure 4.41: Theoretical water removal along the rated nozzle in the temperature-effect-
studies with 70% inlet pressure recovery

4.2 4 Errect OF FLow RATE

4.2.4.1 DESIGNING 4 NOZZLE FOR DIFFERENT FLOW RATES IN FLOW RATE-EFFECT STUDIES

A few streams with the pressure, temperature, and composition the same as that of
“Test Stream” but with different flow rates are considered as the working fluid and a
nozzle was designed for each case. Table 4.22 shows the inlet flow rate and the range of
the exit pressures as a percentage of the inlet pressure. A wider range of pressure
recovery can be achieved in the nozzle with the increase in inlet flow rate. Therefore, the
“recovery pressure” increases with inlet flow rate. In the nozzle with a length of 0.12 m,

the highest possible pressure recovery is 64.80 and 93.03% % of the inlet pressure for
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Stream 1 and 4, respectively. Figure 4.42 presents the result shown in Table 4.22.

Table 4.22: The pressure recovery range in the flow rate—effect-studies

Stream name 1 2 Test stream 3 4
Molar flow Rate
(kmole/h) 2,000 4,000 5,000 6,000 10,000

Exit pressure range
(% of inlet pressure)

20.4 - 64.8 15.6-79.8 | 14.8-82.7 14.4 - 85.0 13.5-93.0
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Figure 4.42: Pressure distribution along the rated nozzle in the flow rate-effect-studies
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Figure 4.43 shows the different nozzle geometries. As it can be seen the flow
becomes choked earlier along the nozzle as the flow rate increases. Therefore, the
converging length of the nozzle is shorter and the throat diameter is bigger. These results

are shown in Table 4.23.
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Figure 4.43: Designed nozzles geometry in flow rate-effect-studies

Table 4.23: Designed nozzle geometry in flow rate-effect studies

Stream name 1 2 Test 3 4
stream
Throat diameter(m) 0.0129 [ 0.0182 | 0.0203 0.0221 0.0279
Nozzle converging length (m) | 0.1128 | 0.0908 | 0.0821 0.0744 0.0502

With the design criteria of 70% recovery of the inlet pressure, no nozzle with the

length of 0.12 m can be designed for Stream 1 as 64.80% of the inlet pressure recovery is

the highest possible recovery in such a nozzle. The pressure, temperature and velocity

distributions and the shockwave locations along a designed nozzle with 70% inlet
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pressure recovery are shown in Figure 4.44, 4.45 and 4.46. Shockwave happens at
77.07% of the total nozzle length when the molar flow rate is 10,000 kmole/h. The

shockwave location shifts toward the nozzle exit as the molar flow rate of the nozzle

decreases. When the molar flow rate is 4,000 kmole/h, shockwave happens at 88.33% of
the total length.
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Figure4.44: Pressure distributions and the shockwave locations along the designed
nozzle in flow rate-effect studies with 70%inlet pressure recovery
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Figure4.45: Temperature distributions and the shockwave locations along the designed
nozzle in flow rate-effect studies with 70%inlet pressure recovery
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Figured.46: Velocity distributions and the shockwave locations along the designed
nozzle in flow rate-effect studies with 70%inlet pressure recovery

4.2.4.2 RATING NOZZLES FOR EACH FLOW RATE IN FLOW RATE-EFFECT STUDIES
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For any each stream conditions and the specified nozzle geometry, there is a flow
rate (design flow rate) in which the critical conditions are presents at the throat and the
flow is choked. If the flow rate is lower than the specified flow rate, the Mach number
will be less than u