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ABSTRACT I

ABSTRACT

The demand for oil and gas from the maturing Norwegian continental shelf (NCS) remains high. Even though the concern
for climate change is shifting energy production towards renewables, production on the NCS is expected to continue for
decades to come. If carbon capture and storage is managed and combined with technologies, such as conversion from
hydrocarbon to hydrogen, production could be extended even further.

Wet gas compression, especially for subsea installations, is a promising technology for both new and existing fields. It
can enable the tie-in of remote reservoirs to the existing infrastructure and allow for simplified process solutions thus
possibly reducing both investment and operational costs. Furthermore, by locating compressor stations near the subsea
well head increased recovery can be achieved because the well can be produced at a lower pressure compared to topside
compression.

A prerequisite for the successful installation of subsea wet gas compression is exceptionally reliable solutions, due to the
excessive cost of any intervention. It is thus necessary to increase knowledge on key aspects of the system, such as rotor
dynamics, transient behaviour, performance and fouling.

The focus of this thesis has been to investigate how wet gas affects the performance of centrifugal compressors, how
performance parameters should be established and to investigate if models can be built that allow for correction between
different wet operating conditions. Experimental results were partly obtained from the test rig at the Norwegian
University of Science and Technology (NTNU) and partly from Equinor’s test facility at K-Lab. The NTNU open-loop
test rig has a single impeller centrifugal compressor and runs on water and air under ambient conditions. Equinor’s test
facility at K-Lab has two full-scale test loops that operate at high pressures and temperatures and utilize mixtures of
hydrocarbon gas, condensate and water.

As regards wet gas compressors, there is currently limited knowledge on how the performance will shift for changing
inlet conditions. Therefore, the vendors are unable to estimate performance for a specific wet inlet condition a priori.
Furthermore, no international standard has been established that specifies how to evaluate wet performance. Indeed, much
work is required to sufficiently describe the performance and test procedure for wet gas performance. The current work
aims to illuminate key areas of wet gas performance for the design, test, and operational phases.

When it comes to the design and testing of wet gas compressors, it is not clear how to compare results between different
operating conditions, such as test and real operation. This problem was analysed first by reviewing the dry gas similarity
theory and then expanding these concepts to include wet gas. Finally, the appropriateness of such expansion from dry to
wet gas was discussed. This work documents that Type2 testing (large difference between test and specified condition)
can be difficult to achieve for wet gas compressors.

A two-impeller wet gas centrifugal compressor was tested at K-Lab. The performance test results were analysed and key
factors affecting performance parameters were identified. Furthermore, a model for wet gas performance based on these
parameters was created. The method used to address this issue was a combination of regression and minimization of an
objective function. The proposed model showed the capability of collecting the data points obtained under different
operating conditions onto a “performance surface” with good precision.

Limited knowledge exists about how uncertainties propagate through a complex wet gas test loop, such as the VGII loop
at K-Lab, and eventually result in uncertainties of wet gas performance parameters in general. To address this issue the
Monte Carlo method was used in combination with a sensitivity analysis. In this way, the uncertainties could be
propagated through the entire system. Thus, standard uncertainties and coverage intervals for the performance parameters
could be established, as well as the identification of key input parameters that affect these uncertainties. Somewhat
elevated uncertainties were found for the wet compared to dry conditions, but still within reasonable limits. Furthermore,
many of the performance parameters are highly sensitive to inlet and discharge temperature, especially those relying on
enthalpies. By including a torque meter and a gas density meter in the wet gas test facility, these uncertainties could be
significantly reduced.

The detrimental effect of fouling on wet gas compressor performance was observed during testing at K-Lab. To further
investigate this effect, a fouling test under controlled conditions was conducted at NTNU. The experimental results show
that wet performance characteristics are heavily affected by flow path fouling. Furthermore, to quantify how the wet
performance is affected by the fouling, a model was developed to correct all the efficiency curves to the dry clean curve.
The model was able to collect the spread between clean and fouled curves for the same GMF'.
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INTRODUCTION 1

1 INTRODUCTION

This thesis focuses on how liquid affects centrifugal wet gas compressor performance. The work is based on theoretical
considerations, thermodynamic simulations and experimental test results. Experimental results were obtained both from
the test rig at the Norwegian University of Science and Technology (NTNU) and from Equinor’s test facility at K-Lab.
The NTNU open-loop test rig has a single impeller centrifugal compressor and is operating on water and air under ambient
conditions. Equinor’s test facility at K-Lab has two full-scale test loops that operate at high pressures and temperatures,
and use mixtures of hydrocarbon gas, condensate and water. In this chapter, the work will be put into a broader context
and the scope of work, as well as the limitations of the work, are outlined.

1.1  Background

The demand for oil and gas remains high and production from the Norwegian continental shelf (NCS) is expected to
increase in the coming years. This is illustrated by Figure 1, where historical data are provided together with a production
forecast from the Norwegian Petroleum Directorate [1].

o Lo
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

[ Gas (40 MJ) NGL

250 1w Condensate -

Million bbls o.e. per day

Million Sm® o.e. per year
&

100 -

Figure 1: History and forecast of oil and gas production on NCS [1]

As the NCS and other areas of exploration and production mature, production is shifting from being oil dominant to being
gas dominant and a large portion of wells are producing what can be characterized as wet gas fluid. Wet gas is often
defined as a mixture of gas and liquid with a liquid fraction below 5% by volume. Production from wet gas wells is
typically routed to existing infrastructure, such as pipelines, offshore, or onshore processing plants. Several factors
determine whether wet gas wells can produce into existing infrastructure and how much can be extracted from them.
Firstly, the significant pressure loss associated with wet gas pipe flow limits the possible transportation length for a given
well pressure. Secondly, as production from a wet gas well declines, the gas velocity becomes too low to maintain a
stable flow regime and unfavourable scenarios like slug flow may occur posing considerable strain on the infrastructure.
Installation of a wet gas compressor station in proximity to the well can mitigate the above-mentioned problems.

Typically, a two-phase flow is separated upstream compression. Separation systems have a large footprint and entail
substantial weight and cost. Wet gas compression technology is attractive to the oil and gas producers as it attempts to
reduce the complexity by removing equipment such as scrubbers and pumps. Thus, wet gas compression can potentially
reduce both capital expenditure (CAPEX) and operational expenditure (OPEX). Furthermore, the installation of a
compressor near the well gives increased recovery because the well pressure can be reduced. However, challenges
relating to wet gas compression need to be addressed before the technology becomes commercially accepted as a viable
solution. Some of the challenges are listed below:

Materials: Stress resistant materials that can handle the increased loads due to liquids are necessary. Erosion resistance
is needed on all surfaces where wet gas will impact the materials at a high velocity and corrosion resistance is required
on all wetted parts throughout the machine. Stress corrosion cracking and pitting corrosion need special attention. In the
case of integrated motor compressors, to avoid corrosion and short circuits, the motor casing and insulation materials
also need to handle trace amounts of liquid passing the cooling gas system and entering the motor casing.
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Mechanical Design: Rotor bearings need to be designed to handle any influence the liquid might have on the rotor
dynamics. Labyrinths need to handle wet gas and still be able to maintain acceptable damping and stiffness. Furthermore,
labyrinths must be designed to avoid fouling. In the case of integrated motor-compressors, the mechanical design of the
motor must be sufficiently robust to handle additional vibrations originating from the compressor.

Performance: Aspects relating to the evaluation of wet gas compressor performance are the focus of this thesis. There
are several challenges concerning this topic. These are linked to design, testing, and operation. Design phase: At present,
compressor vendors do not have the knowledge to design a compressor that will meet a specified wet gas performance,
though some manufacturers are in the process of developing such tools. Efforts must be focused on these issues if future
wet gas compressors are to be designed with predictable wet gas performance of sufficient accuracy. Test Phase: No
acknowledged standard currently exists for how to conduct performance testing on a wet gas compressor. It is also
uncertain whether an ASME PTC10 [2] Type 2 performance test can be used to determine the actual performance of a
wet gas compressor, or whether a Type 1 performance test is the only viable option. Operating phase: A prerequisite for
successful implementation of subsea wet gas compressors is high reliability, thus knowledge of possible failure modes is
important. Compressor operating experiences show several challenges related to deterioration: some to internal wear,
i.e., labyrinth clogging, material pitting and deformation, others to internal flow channel fouling. Furthermore, wet gas
compressor operators will unavoidably meet changing inlet conditions. Thus, knowledge of how the shift in wet inlet
conditions will affect performance will be of great interest for operational organizations as it will allow for estimation of
power consumption, production capacity, etc.

As regards conventional dry gas compressor design, performance prediction is usually undertaken by the compressor
manufacturer, using in-house know-how in impeller design and selection. This specialised knowledge is potentially
unsuitable for predicting wet gas performance in the design phase; hence, a wet gas compressor may not meet the design
requirements specified by the customer. A typical procedure for a dry gas compressor purchase is as follows: A
compressor manufacturer is provided with compressor inlet conditions, such as actual inlet flow, pressure, temperature,
and gas composition (other requirements such as design pressure, design temperature, etc., are also provided).
Furthermore, the manufacturer is provided with the requirements for outlet pressure. The manufacturer then starts the
design by selecting impeller(s) that match the requirements given by the customer. Following the manufacture of a dry
gas machine, a standardized test, typically ASME PTC10 [2] or ISO 5389 [3], is performed to verify that the machine’s
performance meets contractual requirements. The standards allow for two types of tests: Type 1 test (same operating
conditions at the specified and test point), and Type 2 test (different operating conditions at the specified and test point,
where speed is selected to target for similarity conditions). To ensure similarity, permissible deviations between specified
and test conditions in several parameters are required. These are specific volume ratio, flow coefficient, Machine Mach
number and Machine Reynolds number. Type 2 tests are the most common performance test for dry compressors and are
usually conducted at the manufacturer’s premises. Results obtained from Type 2 tests are back-calculated to specified
(guarantee) conditions, assuming similarity. Currently, compressor manufacturers do not have the knowledge to design
a wet gas compressor that will reach a specific wet gas discharge condition, given the inlet conditions. Furthermore, no
internationally established standards exist for the evaluation of wet gas compressor performance.

For a manufacturer to be able to predict the wet gas performance of a compressor a priori, and for operators to predict
performance for varying operating conditions, detailed knowledge of how wet gas affects the performance is needed.
Therefore, extensive testing is essential to collect data that will supply the fundamental knowledge to allow for better
predictions in the future. A complicating factor for the prediction and evaluation of the wet gas performance of a
hydrocarbon compressor is that the composition of the gas and the liquid is constantly changing throughout the machine
due to phase transition. To illustrate the point, imagine a wet gas compressor running on a fixed inlet total composition.
The inlet gas and oil composition and the gas mass fraction will be determined by the inlet pressure and temperature. The
discharge gas and oil composition, as well as the gas mass fraction, will be determined by the inlet condition and the
operating point. This contrasts with dry gas compression where the gas composition is constant throughout the
compression process.

Fouling has a detrimental effect on compressor performance and can eventually cause mechanical damage to the machine.
For wet gas compressors, especially for subsea operations, it is important to prevent fouling, as the maintenance cost is
extremely high. Precipitation of solutes that can cause fouling needs to be avoided throughout the compressor and in
downstream piping. If it cannot be avoided, a washing system should be installed as a mitigating measure. However,
washing is not always possible as some depositions are not soluble in neither oil, water nor other solvents. In such
situations, it is crucial to avoid operating conditions where precipitation of solutes can occur.
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1.2 Subsea compression

As areas of exploration and production mature, production from existing fields is declining and there are fewer major
discoveries. To maintain production and profitability, boosting to increase tail production as well as the tie-in of satellite
fields is of crucial importance, as it allows for utilisation of existing production and transportation capacity. Installation
of subsea wet gas compressors in such fields is promising for oil and gas producers as the technology can provide several
advantages:

e As producing fields mature and pressure declines, typically the topside facilities are modified to allow for low
pressure (LP) production. These include modification of compressor stations, separator equipment and piping.
Installation of subsea compression may eliminate the need for topside modifications

e Installation of subsea compression for remote satellite fields will increase the allowable distance between the
field and the existing production infrastructure.

e Increased recovery is achieved by installing compressors close to wells because production can be maintained
at a lower well pressure.

e  Pressure loss is reduced in transportation piping. This reduction is caused by increased density, which gives
reduced velocities for the same mass flow, thus reducing pressure loss.

e  Enabling production from dead wells has been demonstrated as a benefit of subsea compression [4]

e Health and safety risks associated with production can be reduced, as subsea equipment does not require
manning offshore.

e Surge/slug flow can be avoided or postponed, as fluid velocity can be increased by the compressor, which in
practice reduces the liquid content in the flowline. This applies both to upstream and downstream compressors.

The following is a brief introduction to subsea concepts either currently in operation or approved for development.

1.2.1 Asgard subsea compression

The Asgard subsea station consists of two compressor trains producing from Mikkel and Midgard wells to the Asgard B
platform. It was the world’s first subsea compressor system in operation when it came onstream in 2015. Two MAN
HOFIM machines were installed, each with a power of 11.5 MW. As illustrated in Figure 2, these are integrated motor-
compressors without gearboxes. The machines are hermetically sealed, oil-free, with magnetic bearings. The machines
are qualified at K-Lab for wet gas operation and have been extensively tested with LMF up to 30%. Figure 3 shows the
pilot module as it was lifted into the test pit at K-Lab. The Asgard subsea trains have liquid scrubbers and pump modules
and are not continuously operated in wet gas, but regularly use washing sequences to prevent fouling. A detailed outline
of the technology qualification program has been provided by Kleynhans et al.[5] and information on the operational
experience has been documented by Hedne et al. [6].
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Figure 2 MAN oil-free, hermetically sealed HOFIM [5]

Figure 3 Asgard subsea compressor pilot module lifted into test pit at K-Lab



INTRODUCTION 5

1.2.2 Gullfaks subsea compression

The Gullfaks subsea compression station has two compressors in parallel operation. The process design allows for series
operation intended for lower flow rates (in tail production) when a higher head is required. The installed machines are of
the type OneSubsea WGC4000 contra-rotating axial compressors, which are designed for wet gas. The compressors were
installed in 2015 and have been in operation since 2017. The system is operating on the well stream without liquid
separation upstream of the compressor. Each machine is driven by 2x2.5MW motors that are filled with a hydraulic
barrier fluid. WGC4000 can handle GMF between 0 to 100%.

Figure 4 OneSubsea WGC4000 [4]

Detailed information on the technology qualification program has been outlined by Hjelmeland and Torkildsen [7],
whereas operational experience has been documented by Boe et al. [4].

1.2.3 Ormen Lange wet gas subsea compression project

The license partners of the Ormen Lange have given a final investment decision on a wet gas subsea compression project
at Ormen Lange. The compressor stations will be installed at a water depth of 900 meters, 120 km from shore. The
compressors will be powered from shore, thus giving a 120 km power step-out. The compressors to be installed are
OneSubsea contra-rotating axial compressors.

The project is estimated to give an added production between 30-50 billion standard cubic meters (bcm) of natural gas,
increasing Ormen Lange's overall gas recovery factor from 75 to 85 percent.

1.2.4 Jansz-lo gas subsea compression project

At the Chevron-operated Jansz-lo gas field, 200 km offshore Western Australia, it has been decided to develop a subsea
compression station at a water depth of 1350 m. The EPC contractor, Aker Solutions, has awarded MAN Energy Solution
the contract to supply 5 HOFIM machines for the project (3 for operation and 2 spare). [8]
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1.3 Scope of work

The field of wet gas compression is relatively new, and a solid theoretical foundation is lacking. The knowledge gap is
especially true for wet gas performance evaluation. Thus, several aspects relating to the design phase, performance testing
and the operating phase call for further investigation.

The main objectives are

Analyse how wet gas performance can be compared between different inlet conditions. When designing and
testing a wet gas compressor, how to validate that the tested performance will reflect the actual operating
performance.

Analyse test results obtained from a two-impeller centrifugal compressor tested under realistic hydrocarbon
conditions at K-Lab. Identify key wet parameters affecting performance and develop a model for wet
performance based on these parameters.

Investigate how the uncertainties of wet gas compressor performance parameters are propagating through a full-
scale wet gas test loop, operating under realistic conditions. Additionally, the aim was to identify key input
parameters that affect the uncertainty of performance parameters via a sensitivity analysis.

Experimentally investigate how fouling affects wet gas compressor performance. The purpose was to document
the fouling effects and to develop a first approach model for fouling correction.

1.4 Limitations

Centrifugal compressors cover an extensive range of design parameters, such as suction pressures, flow rates,
temperatures, heads, and fluid compositions. Large variations in operational range will also be the case for wet gas
compressors in the future. The physical constraints of the test facilities will thus naturally impose limitations on the
experimental tests and analysis. The limitations of this work are summarized below.

The PhD work is limited to performance evaluation of wet gas centrifugal compressors and the operational
envelopes of the test facilities. The work is also limited to the performance characteristics of the single impeller
compressor at the NTNU test loop and the two-impeller compressor at the K-Lab test loop.

Wet gas performance analysis of experimental data has been limited to bulk properties, such as flow rates of gas
and liquid, flange to flange measurements of pressures and temperatures, and shaft power measurements.
Furthermore, densities and thermodynamic data have been simulated at flange conditions using appropriate PVT
simulation software. However, to establish the properties at flange conditions, it is necessary to simulate
substantial portions of the test loops.

Compressor internal geometry is frozen upfront project start-up and hence not the object of revision.
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1.5 Thesis outline

Chapter 1 - INTRODUCTION: Introduces the subject and puts it into context, presents the problem statement/scope of
work and the limitation of the work

Chapter 2 - THEORETICAL FOUNDATIONS: Introduces the general wet gas theory applicable to the current work,
followed by the wet gas performance analysis.

Chapter 3 - TEST FACILITIES: Presents the test facilities used for acquiring the experimental results.

Chapter 4 - METHOD DESCRIPTION FOR WET GAS COMPRESSOR ANALYSIS: Summarizes the methods used
in this thesis

Chapter 5 - RESULTS AND DISCUSSION: Summarizes the results of the work.
Chapter 6 - CONCLUSION: Concludes the work
Chapter 7 - FURTHER WORK: Recommends further work

Paper I: D. M&land, L. E. Bakken, “Wet gas compression — Test conditions and similitude”, ASME Turbo Expo 2017,
GT2017-64374.

Paper II: D. M=zland, L. E. Bakken, “Wet gas compressor testing — Performance uncertainty”, IMECE2020,
IMECE2020-23711.

Paper III: D. Maland, L. E. Bakken, “Fouling effects on wet gas compressor performance: An experimental
investigation”, ASME Turbo Expo 2021, GT2021- 59543

Paper 1V: D. Mzland, L. E. Bakken, “Wet gas hydrocarbon centrifugal compressor — Performance test results and
evaluation”, IMECE2021, IMECE2021-71344.

Appendix — A: Provides a brief introduction to cubic equations of state, mixing rules and flash calculations.
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2 THEORETICAL FOUNDATIONS

This chapter introduces the theoretical foundations for the analysis of wet gas compressor performance. This includes an
introduction to important wet gas parameters and the performance analysis itself.

2.1 Wet gas fundamentals

Wet gas flow is given as the low liquid content region of multiphase flow. In the context of compression, wet gas flow is
often defined as the region between pure gas and 5% liquid by volume [9, 10]. However, other definitions relating to the
Lockhart-Martinelli parameter are frequently used in the multiphase flow meter community [11], where the Lockhart-
Martinelli parameter X<0.3 defines the limit for what is defined as wet gas flow. In the following sections, important
parameters for the analysis of wet gas flow are outlined. The main analysis focuses on the homogeneous model, but
several dimensionless parameters relating to phase slip and segregation are also introduced. Furthermore, thermodynamic
equilibrium is assumed throughout this work when applying thermodynamic properties.

The homogeneous model treats the wet gas flow as a homogeneous mixture, i.e., all phases have equal velocities and
thus the fluid is regarded as a single fluid and homogeneous mixed properties can be established.

The void fraction for a phase in a multiphase flow is defined as the cross-sectional area occupied by the phase to the total
area

@, = (1)

Where A, is the area occupied by the k-th phase and A is the total area available for the flowing fluid.

The phase volume fraction is defined as

Q

PVE, = S or ka )

Where PVF is the phase volume fraction and Q, is the volume flow rate of the k-th phase. The void fraction and the phase
volume fraction become equal when all phases flow with the same velocity, which is true for the homogeneous flow
model.

Similarly, the phase mass fraction can be defined as

T

L R

&)

Where PMF is the phase mass fraction and m;, is the mass flow rate of the k-th phase.

Gas volume fraction (GVF) and gas mass fraction (GMF) are important parameters for the description of multiphase
flow, and are special cases of Eq.(2) and Eq.(3), respectively. Assuming a flow consisting of gas, oil, and water phase
they are given by

Qg

GVF = ————
Qg+ Qo+ Qw

“4)
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and

Tf’lg
GMF = (5)

my +m, +m,

Here Q is volumetric flow rate, m is the mass flow and subscripts g, o, and w denotes the gas, oil and water phases,
respectively. An interesting fact is that combining GVF and GMF provides an expression for the ratio of mixture density
to gas density.

GVFZEkmk Qq :lemk:p_m
GMF my Y Qk ngka Py

(6)

Where the last equal sign is true only under the homogeneous assumption.

Pm = Z APk 7

k

The homogeneous density is given by the relation

Where p are the densities and « are the void fractions. The subscripts m, and k denote the homogeneous mixture and
phase number, respectively.

Liquid volume fraction (LVF) and liquid mass fraction (LMF) are often used in describing multiphase flow, here liquid
is the combined liquid (typically oil and water phase) mass and volume flow fractions and given by

Qo +Qw
LVF = —————=1-GVF
Qg+ Qo +Qy ®

and

m, +m,,
LMF = ——————=1-GMF )
my +m, +m,,

The density ratio between liquid and gas has also been identified as an important parameter influencing wet gas
performance and is given by

P
Dr =— 10
oy (10)

For wet operating conditions where the liquid phase is a mixture of water and oil, the liquid density was calculated by
the equation
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+
m=%% Qwpw (n
Qo + Qw
Thus, the mixed liquid density property is calculated based on volumetric averaging.
The mixture enthalpy of a multiphase flow can be calculated by the mass-weighted enthalpy of the pure phases.
hpyn =ZPMFkhk (12)
k

Here hy, is the enthalpy of the k-th phase. Typically, this is an available output from PVT software.

When the fluid viscosity increases, so do the internal losses of the compressor. Thus, it is important to have an estimate
of the fluid viscosity in multiphase flow. For multiphase flow containing the three phases gas, oil, and water, the mixture
viscosity was calculated by the equation

u=%%+%m+%w
" Qg+ Qo +Qy

(13)

Furthermore, under wet operating conditions where the liquid phase is a mixture of water and oil, the liquid mixture
viscosity was calculated by the equation

_ Qolto + Quihy

W = 0.+ 0, (14)

Here the mixed viscosity property is calculated based on volumetric averaging. This expression is equal to the Duckler
mixed viscosity for homogeneous gas-liquid flow [12].

Lockhart and Martinelli [13] developed a method for correlating the pressure drop in a two-phase flow to a dimensionless
number. The original form of the Lockhart-Martinelli parameter X, for turbulent-turbulent flow is given by the equation

m 1.8 0.2
X* = <—l> (%) <ﬂ> (15)
my P/ \Hg

It is important to note that different expressions for the Lockhart - Martinelli parameter are appropriate for different flow
regimes and that new variants have been introduced over the years [11]. Thus, ambiguities easily arise when referring to
the Lockhart - Martinelli parameter.

The presence of liquid will affect the speed of sound in the wet gas flow. As the Mach number is an important similarity
parameter for compressor performance evaluation, an expression for the speed of sound in wet gas is also believed to
play a significant role in wet gas compression [9, 14]. Woods model [15] for homogeneous speed of sound in wet gas is
given by the equation
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(16)

= ag

Where a, is the speed of sound of the gas phase.

By assuming that the Woods model represents the true speed of sound for the mixture, the machine Mach number for the
homogeneous model can be given by

Ma,, = —~ (17)

Where Uy is the first impeller tip speed. This model for the homogeneous Mach number approaches the dry Mach number
as the gas void fraction approaches unity. The Mach number, as defined by Wood’s speed of sound, represents the
homogeneous fluid compressibility effects. The shift in Mach number is included in the performance analysis, as it
directly affects the stage pressure ratio and thereby the compressibility impact on fluid velocity triangles.

The Machine Reynolds number is a dimensionless number that represents the ratio of the inertia force to the viscous
force. This number is an important similarity parameter and is associated with losses through the machine. The
homogeneous machine Reynolds number can be described by the equation

U,b
Re,, —rm-17 (18)
Hm

This is similar to the Reynolds number for dry gas, but where the density and viscosity have been replaced with the
expressions for homogeneous model mix phase quantities.

The Stokes number is a measure of the ability of droplets to follow the flow field and thus, can be regarded as a key
factor for the description of wet gas flow. It is defined as the ratio of the response time of the droplets to the response
time of the flow field, and for wet gas pipe flow it is given by the equation

_Ta _ pdDL%Ug

St =
Ty 18ugD

(19

Here, py and Dy is the density and diameter of the droplet. U, and ugis the velocity and dynamic viscosity of the gas
phase and D is the pipe diameter. The Stokes number is dependent on the gas to liquid density ratio because the dynamic
viscosity of the gas phase increases with increasing pressure. Within the impeller stage, impeller and diffuser section, the
wet two-phase flow is exposed to high acceleration, deceleration and deflection that affect the flow field segregation and
entrainment. In principle, the two-phase flow tends towards no slip as the Stokes number approaches zero.

The Weber number is a dimensionless number representing the ratio of inertia force to the surface tension forces. It is
related to the comparison of dynamic pressure and internal droplet pressure caused by the surface tension. It is a measure
of the breakup and formation of droplets and liquid film. For pipe flow, the Weber number can be expressed as
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UZD
We = ”"’Ty (20)

Here, o is the surface tension between the droplet and the gas phase. The diameter D can either be the droplet diameter,
or the diameter of the pipe depending on application[16].

There are several reasons why neither the Stokes number nor the Weber number can be used directly in the
characterization of wet compressor performance. These are related to unknown values, such as the droplet diameter and
the flow velocity. Also, to make use of such numbers for the description of wet gas compressor flow, an estimate of the
droplet diameter is required. This is challenging as the droplet size will vary between inlet and outlet, as well as
throughout the whole flow path of the machine. Furthermore, inside the machine, the flow will vary from mostly
segregated to a more dispersed type of flow. Furthermore, the characteristic pipe diameters need to be replaced with a
suitable value relating to the compressor design. One proposed solution is to replace the gas velocity with the impeller
tip speed and the pipe diameter with the first impeller tip width. However, a method for estimating a representative droplet
diameter will also be needed at least for the Stokes number.

2.2 Wet gas performance analysis

In the following section, the polytropic analysis is put into a historical context and its validity and suitability for wet gas
compression are discussed.

When evaluating the performance of a compressor, a suitable reversible reference process is useful for investigating the
efficiency of the machine. One natural choice of such a reference process could be the isentropic process. However, as
outlined by Shultz [17], the thermodynamic relation
dh
( ) =T 21)

ds/p

is associated with diverging pressure lines in the enthalpy-entropy diagram. This effect is depicted in the hs-diagram of
a hydrocarbon gas mixture in Figure 5. These diverging lines lead to the effect that the stage efficiency for a multistage
compressor does not match the overall efficiency. Thus, a compressor operating at similar inlet conditions but on different
pressure lines would yield different isentropic efficiency.
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Figure S HS diagram for Hydrocarbon gas mixture
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This problem, at least for dry gas compressors, is mitigated by the polytropic analysis. Thus, the polytropic process is the
reference process of choice. To the authors’ knowledge, the polytropic process was first introduced by Gustav Zeuner
[18]. He derived the expression:

v™ = constant 22
14

which he coined the polytropic curve. He also states that the exponent, n, is a constant. From this expression, the
polytropic exponent for a process between states 1 and 2 is given by the expression

(23)

Here v = 1/p is the fluid specific volume, p is pressure and subscripts denote state 1 and state 2, respectively. The
polytropic work between these states is found by the integration of the work function along the polytropic path

2
h, = f vdp , where pv™ = constant
1 24)
Integration under this constraint gives the following expression for the polytropic head
n
h, = n—-1 (P2v2 — P1v1) (25)

This expression is exact for the definition of the polytropic process given by Eq.(22). Furthermore, the polytropic
efficiency is defined as the ratio of the polytropic head to the enthalpy change between state 1 and state 2.

. 26
[y (26)

However, in his polytropic analysis, Schultz [17] instead defines the path equation by constant efficiency

dp

My = v @7

where h is the specific enthalpy. Thus, the polytropic exponent n is no longer a constant and he developed a method for
evaluating the variability of n. As numerical methods became available, Huntington [19] suggested a method for direct

integration of h,, = ff vdp under the constraint of constant efficiency as a favourable method for the polytropic analysis.
Figure 6 illustrates the direct integration path in the enthalpy-entropy diagram.
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Figure 6 Direct integration

Figure 7 illustrates the different compression paths. Here the isentropic path is given together with the two polytropic
paths defined by direct integration (constant efficiency constraint), and pv™ = constant constraint, respectively.
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Figure 7 Different compression paths
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Differing definitions of the polytropic process have given rise to ambiguities and misunderstandings and it has been
argued that defining the polytropic path as the constant efficiency path is based on a faulty premise and that it is not a
polytrope [20].

Some authors have suggested a two-fluid model for the wet gas polytropic head [21, 22]. Here, the liquid phase and the
gas phase are treated separately and the expression for the polytropic head for the two-fluid model is given by:

P2 —Pp n
g) +(1- LMF)m(pZVZ — i) (28)

h =LMF(
v P

There are some clear issues relating to the use of this expression. Due to phase transition, the liquid composition is not
the same at the inlet and discharge and the same is true for the gas composition. Therefore, an error is introduced when
using this expression because the composition that is needed to calculate the densities is not uniquely defined. It is
important to remember that phase transition is especially large for high-pressure ratio machines, thus the problem will
increase for such machines.

Based on the above discussion, we chose to use the original definition of the polytropic curve as given by Eq.(22) and
use Eq.(23), Eq.(25), and Eq.(26) for the evaluation of polytropic performance. According to Wilsak and Tatara [20],
these equations are valid under the assumptions of steady-state, single-phase and no chemical reaction. However, in our
analysis, we will consider the homogeneous model, and because the path equation given by Eq.(22) is unambiguously
defined also for the homogeneous model, we assume validity. In practice, this is done by replacing the densities at inlet
and discharge in Eq.(23) and Eq.(25) with the homogeneous mixed density and the specific enthalpies in equation Eq.(26)
with the homogeneous mixture enthalpies.

Several other dimensionless parameters other than the polytropic efficiency need to be defined for our analysis. The
polytropic head coefficient is given by the expression

= (29)

where U; is the tip speed of the i-th impeller. The flow coefficient is defined by the expression

4
P

" wD2U, (30)

Where Q, is the volumetric flow rate at the compressor inlet, D; is the first impeller diameter, and U, is the tip speed of
the first impeller.

The wet flow coefficient is thus defined as

_4Qg + 0w+ Qo)

wet — 2
nD; Uy

E2))

Where Q is the inlet volumetric flow rate of the gas phase, Q,, is the inlet volumetric flow rate of the water phase, and
Q, is the inlet volumetric flow rate of the oil phase.
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3 TEST FACILITIES

The topic of wet gas compression is a relatively new area of investigation. Theoretical foundations have not been fully
established and therefore, there is a great need for test facilities. These facilities can produce the data needed to verify
existing theories and more data will also form the basis for the development of new theories. Thus, the data produced
from test facilities will drive the level of knowledge in the field upwards. The experimental results presented in this thesis
have been gathered from test campaigns run at either the NTNU test rig or at the K-Lab test facility. In this chapter, a
brief introduction to the test facilities is given together with an overview of the advantages and challenges relating to
each type of facility.

3.1 NTNU Test Facility

The compressor test rig at NTNU is an open-loop facility, consisting of a centrifugal compressor with visualisation slots
to the impeller inlet, diffuser, and volute section. The instrumentation is installed according to ASME PTCI10 for
performance testing. The compressor is driven by a 450 kW variable-speed electric motor. The experimental fluid is a
low-pressure mixture of ambient air and water. A process flow diagram of the test rig is given in Figure 8, and Table 1
shows the rig operating conditions.
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Figure 8 NTNU test rig process flow diagram

Table 1 - Test rig operational range [23]

Design parameter Data
Suction conditions Atmospheric
Test fluids Air/water
Air-flow range 0-3 kg/s
Water-flow range 0-5 kg/s
GVF range 99.93-100%

GMF range 40-100%
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Pipe sections in PMMA (acrylic) give visual access to the main sections of the compressor inlet piping. At the front
of the diffuser (shroud side), four large PMMA windows provide visual access from the impeller outlet to the outlet
scroll. In the cross-support of the PMMA windows, slots for the installation of various instrumentation are implemented
along the radial direction. The compressor section is split in the diffuser plane to allow integration of the PMMA section
in the scroll. This ensures visual access radial to the whole width of the diffuser. The locations of the PMMA windows
are shown in Figure 9 and the main compressor and loop dimensions are given in Table 2.

Static pressure
Transmitters (3x)

Impeller mlet

Dynamic pressure
Probes (3x)

3-hole pressure
Probes (3x) PMMA

windows

Total temperature
Iransmitters (2X)

Diffuser inlet
S Diffuser mid
™~ Diffuser outlet

Figure 9 Compressor section

Table 2 - Main compressor dimensions

Parameter

Data

Impeller design

Impeller tip width
Impeller outlet diameter
Diffuser

Diffuser width

Diffuser ratio

Inlet hub diameter

Inlet pipe diameter
Outlet pipe diameter

Volute

Shrouded 3D design with
inducer and splitter vanes

20 mm
400 mm
vaneless
20 mm
1.7

250 mm
250 mm
200 mm

Circular central symmetrical

An orifice meter upstream of the injection module measures the air volume flow and electromagnet flowmeters
measure the water volume flow. Pressure and temperatures are measured at compressor suction (downstream of the
injection point) and compressor discharge. Pressure and temperature measurements at suction and discharge are in
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accordance with ASME PTCI10, i.e., four pressure and four temperature probes. Furthermore, a torque meter measures
the compressor torque and power. At the discharge, the fluid passes a throttle valve and finally, the fluid enters a separator.
The V-ball discharge throttle valve is used to fix the compressor inlet volume flow and the liquid throttle valve to tune
gas mass fraction (GMF). The data acquisition system for the test rig is National Instruments” PXI solution, which allows
a high synchronous sampling rate. Further test rig details have been outlined by Hundseid and Bakken [23]. Figure 10
depicts the inlet section and compressor in the test rig.

Figure 10 Compressor test facility

The use of inert fluids, i.e., water and air at ambient conditions enables several advantages for investigation and
implementation of new compressor technology:

e Testing can be considered safe, as no dangerous or toxic emissions are associated with it. However,
focusing on safety relating to machine integrity is of paramount importance.

e The design and implementation of modifications are quick and low cost compared to modifications
inside a hydrocarbon test facility. This is because low pressure and temperature class equipment are
used and no ATEX requirements are necessary.

e Instrumentation of low uncertainty is available at a reasonable price.

e The use of inert fluids, such as water and air, simplifies the PVT calculations, since the composition of
the faces is well established and little phase transition occurs, the physical properties of the faces are
known with low uncertainty and good control of the flow rate of the phases is achieved.

The above-mentioned advantages make the testing with inert fluids at ambient conditions an obvious choice for testing
wet gas compressor designs in the first phase of concept development. However, clear challenges with regards to realistic
behaviour compared to hydrocarbon multicomponent fluids at high pressures must be considered. Parameters, such as
the density ratio between liquid and gas, surface tension between liquid and gas, and the viscosity of the phases are not
comparable between the inert conditions and the realistic high-pressure hydrocarbon conditions. Also, the phase transition
throughout the stage is very low in ambient water air conditions compared to realistic hydrocarbon gas and liquid
compression.

The NTNU compressor consists of a single impeller with an axial inlet, this contrasts with conventional centrifugal
compressors in the oil and gas industry that are multistage machines with radial inlets and outlets. This has consequences
for the comparison of results between water/air and realistic conditions. Axial inlet compressors typically have a higher
efficiency than the radial inlet and the loss associated with the radial inlet is not exposed. The horizontal axial inlet easily
leads to segregated flow causing liquids to only impact the bottom part of the impeller eye. Furthermore, by only testing
a single impeller, no impeller matching can be investigated.
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3.2 K-Lab Test Facility

The K-lab test facility is located inside the Karste processing plant on the west coast of Norway. K-lab is one of Equinor’s
research and technology laboratories and serves as a hub for the full-scale testing and qualification of process equipment.

The K-Lab test facility consists of two multiphase full-scale test loops, named the VGII and SST, respectively. The VGII
has a 2.8 MW and the SST loop has a 12 MW variable speed drive. Data presented in this thesis were collected from the
VGII loop. Figure 11 shows a simplified process flow diagram (PFD) of the VGII multiphase test loop.
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Figure 11 VGII - K-Lab wet gas test loop

It is a closed loop typically operated with a mixture of water, oil (condensate) and natural gas. Some important design
parameters for the compressor section are given in Table 3 and available test fluids are listed in Table 4

Table 3 Design parameters for the K-Lab loops

Design parameters VGII
Flowrate [Am®/h] 6000
Liquid flow rate [Am*/h] 0-150
Design pressure suction [Bar] 149
Design pressure discharge [Bar] 149
Design temperature suction Min/Max [°C] -46/90
Design temperature discharge Min/Max [°C] -46/130
GVF[-] 1-0.95
GMF [-] 1-0.7
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Table 4 Available test fluids at K-Lab

GAS

Hydrocarbon rich gas
Hydrocarbon sales gas

Nitrogen

LIQUID

Hydrocarbon condensate from Kérste gas processing plant
Light oils from marked, to fit specific test matrix

Fresh water

Saline water

Monoethylene glycol (MEG)

Triethylene glycol (TEG)

The following is a brief description of the loop configuration as it was when data presented in this thesis was collected.
The gas was separated from the liquid in the gas/liquid separator (3) and the gas flow was measured in an orifice meter
(4) upstream of the liquid mixer. Liquids were pumped from the bottom of the gas/liquid separator and into the
liquid/liquid separation (7 and 8) system where water and oil were separated. Water and oil amounts were metered in
liquid metering stations (9 and 10) using Coriolis flowmeters. The liquids were further conditioned by the liquid
heater/cooler setup (11 and 12) before entering the liquid mixer (6) upstream of the wet gas compressor. Pressure and
temperature measurement locations containing four pressure and four temperature probes, as described in the ASME
PTC 10 code, were installed at three locations: Upstream liquid mixer (5) at compressor inlet (1) and compressor
discharge (2). These stations are indicated as PTC10 boxes in the PDF. A torque meter was installed during the wet gas
compressor test, ensuring accurate power measurements.

The two-impeller compressor, for which test data are reported in this thesis, was equipped with specially designed internal
instrumentation. This included:

e  Pressure and temperature probes in the U-bend of the compressor.

e Pressure probes throughout the flow path.

e Level transmitters at several locations monitor liquid levels in the machine.

e Temperature and flow measurements on the oil system, to allow for lube oil loss calculations.

The pressure and temperature probes in the U-bend were intended for performance calculations of the first impeller.
However, the accuracy of these instruments did not meet the required quality to allow for such calculations, thus no data
of sufficient quality could be obtained for the evaluation of the first impeller performance.

3.2.1 PVT calculations

In multiphase test loops operating with real hydrocarbon fluids, a system for PVT calculations that can handle phase
transitions and calculate phase properties is of crucial importance. The following is a description of the main principles
of the PVT calculations used for analysing the wet gas compressor performance results.

A system for maintaining a timeline budget of all components added to or removed from the inventory has been
implemented at the K-Lab test facility, it is called the loading system and is of crucial importance for ensuring the quality
of the thermodynamic calculations throughout the test campaigns.

As fluids are circulated in the test loop, the basis for the loop PVT calculation is the main separator PT-flash (flash
calculation of a known composition at a given pressure and temperature). The main separator PT-flash applies the
composition obtained from the total loop inventory at the pressure and temperature of the gas/liquid separator (3) seen in
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Figure 11. The resulting outputs are phase compositions as well as mixture and phase properties. The resulting gas phase
composition is extracted and a PT-flash of this fluid is calculated on the orifice metering station (4) conditions. The
resulting properties are used to calculate the gas flow in accordance with the ISO 5167-2. Furthermore, this gas fluid is
flashed upstream of the liquid mixer indicated by the PTC10 box (5) in Figure 11. The liquid phases resulting from the
gas/liquid separator PT-flash are extracted and separated by a PT-flash under liquid/liquid separator conditions (7). The
resulting oil and water phases represent fluids entering the liquid metering stations (9 and 10) where the flow rates are
established. At the liquid mixer (6) upstream of the compressor, the resulting oil, water and gas phases are mixed
according to the flow rates obtained from the metering stations. A PT-flash is performed on this mixture at the location
upstream of the compressor indicated by the PTC10 box (1) in Figure 11. Eventually, a PT-flash is performed for the
same mixture at the conditions at the PTC10 box (2) at compressor discharge. As the liquid is injected upstream of the
compressor, the temperature ratio over the compressor is reduced, thus uncertainties increase for wet gas performance
results that are based purely on thermodynamic calculations. Therefore, the PTC10 flash downstream of the compressor
was also calculated based on compressor power input obtained from a torque meter and the total fluid mass flow by
performing a PH-flash at discharge conditions.

PVT calculations are based on the PVTsim simulation program, using the SRK Peneloux(T) equation of state, and the
viscosity model based on corresponding states principle (CSP). A more comprehensive description of the equation of
state (EOS), mixing rules, and flash calculations can be found in Appendix A.

3.2.2 K-Lab facility Summary

The use of realistic fluids, i.e., hydrocarbon gas, hydrocarbon liquids and water at high pressure and realistic temperatures
for testing compressor technology is more expensive compared to inert ambient testing. However, testing at realistic
conditions is essential for the qualification of equipment as well as the theoretical foundations. Some important aspects
are:

e  Full-scale testing can reveal scaling effects that are not found during prototype testing

e  Similarity conditions for multiphase equipment can be impossible to achieve in water/air ambient test
conditions, thus full-scale testing at realistic conditions with hydrocarbon gas, hydrocarbon liquid, and
water are necessary to achieve realistic results.

e The use of realistic fluids, pressures and temperatures gives realistic fluid and thermodynamic
behaviour of the compressor. This includes realistic phase transitions, density ratios between liquids
and gas, viscosities, etc. Realistic thermodynamic properties at realistic operating speeds will also give
realistic dimensionless numbers such as Mach number, Reynolds number, specific volume ratios,
Stokes number, etc. These are examples of parameters that are necessary to achieve similarity
conditions.

e Systems testing: A compressor must be considered together with its system. The system includes
equipment, such as motor, VSD, gearbox, and utilities, such as seal gas conditioning skid, seal gas
panel, lube oil system or magnetic bearing system depending on the design configuration. To qualify a
compressor for wet gas operation, full-scale systems testing provides proof of technology before final
implementation into operation.

Testing under actual conditions is typically done at the later stages of technology qualifications, i.e., before the first
implementation into operation. However, realistic testing is challenging due to the high cost caused by the comprehensive
engineering, procurement and construction phase. Cost-increasing elements are ATEX requirements, safety systems,
such as overpressure protection, blow down, emergency shutdown and process shutdown systems.
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4 METHOD DESCRIPTION FOR WET GAS COMPRESSOR ANALYSIS

This chapter summarizes the methods used in this thesis. This includes methods used to investigate the similarity theory
and its validity for wet gas, and methods used to generate a novel model for wet gas performance. Furthermore, the
methods used for uncertainty investigation of wet gas performance parameters and methods used to evaluate how fouling
affects wet gas compressor performance.

4.1 Similarity analysis for wet gas centrifugal compressor

As regards wet gas compressors, there is currently limited knowledge on how the performance will shift due to changing
inlet conditions. Therefore, the vendors are unable to estimate performance for a specific wet inlet condition a priori.
This gives rise to challenges both for the design and operational phase. Furthermore, no internationally established
standards, such as the dry gas standards ASME PTC10 [2] or ISO 5389 [3], exist for performance evaluation of wet gas
compressors. The dry gas standards are based on the theory of model testing as outlined in ASME PTC 19.23 [24], which
in turn is largely based on the Buckingham = theorem for dimensional analysis [25]. The dry gas standards allow for two
types of tests: Type 1 test (same operating conditions in specified and test point), and Type 2 test (different operating
conditions in specified and test point, where speed is selected to target for similarity conditions). To ensure similarity,
permissible deviations between specified and test conditions in several parameters are required. These are specific volume
ratio, flow coefficient, Machine Mach number, and Machine Reynolds number. Type 2 tests are the most common
performance test for dry compressors and are usually conducted at the manufacturer’s premises. Results obtained from
Type 2 tests are back-calculated to specified (guarantee) conditions, assuming similarity.

Several of the requirements given in the dry gas standards are challenging to apply to wet conditions. Thus, multiple
aspects of the similarity theory need to be addressed to evaluate if and how it can be applied for wet gas performance
evaluation:

e Can kinematic similarity parameters such as the ones used for dry gas be used also for wet gas compressor
performance evaluation?

e  What dynamic similarity parameters should be used to wet gas, and how should they be defined?

e Is Type 2 testing possible for wet gas compressors?

The method used to investigate similarity theory in the context of wet gas compression was mainly theoretical reasoning.
By revisiting the dry gas similarity theory for turbomachinery, the main assumptions could be found and the limitations
for the adaptation to wet gas compressors could be identified. In addition to the theoretical considerations, some
simulations were performed to investigate how the proposed definitions of the Stokes and Weber number would vary for
varying wet gas operating conditions. The PVT simulation software PVTsim nova was used to generate the
thermodynamic data.

The basic requirements for similitude are outlined in ASME PTC 19.23[24], which is largely based on the Buckingham
n theorem for dimensional analysis [25]. The similarity requirements are given by:

Geometric similarity: The model and prototype must be geometrically similar. This means that the model is a scaled
version of the prototype.

Kinematic similarity: This requires the motion through the model and prototype to be similar. This means that the ratio
of velocities and accelerations between prototype and model need to be constant, thus

Vxyz
=2 = tant
Veys constan (32)
and
A
“XYZ _ constant (33)
Ax,y,z

Here, X, Y, X and x, y, z denote corresponding positions in the prototype and model respectively.

Dynamic similarity: Forces acting on corresponding masses passing through the system are similar in the model and the
prototype, thus



24 METHOD DESCRIPTION FOR WET GAS COMPRESSOR ANALYSIS

).

Examples of parameters that must be similar for dynamic similarity to apply are dimensionless numbers, such as the
Reynolds number, Weber number, Mach number, etc.

= constant (34)

Since the test and prototype compressor is the same unit/machine in ASME PTC10 and ISO5389 type performance tests,
compressor geometric similarity is satisfied. This also holds for wet gas compressors. Before investigating kinematic
similarity for wet gas, a review of the dry gas kinematic similarity is performed.

4.1.1 Kinematic similarity for dry gas compressors

For kinematic similarity as given in Eq.(32) and Eq.(33) to be true, similar velocity triangles under specified and test
conditions are required. Considering the impeller velocity triangles, requirements for the impeller eye and impeller tip
similarity can be evaluated.

Starting at the impeller eye, the requirement for similar triangles can be given as:

(522) - (5) 9
eve/ . eve/sp

Here, C,y, is the axial flow at the impeller eye. By applying the continuity equation Cpye = Q¢ye/Aeye, and the relations

Ueye = 27T,y N for impeller eye peripheral speed, the following result is obtained:

Qeye Qeye
Aeye — Aeye

2Ty e N \aneyeN
t

(36)
sp

Which gives the following impeller eye similarity relation.

(QTy) B (QTy)p (37)

Recalling the expression for the flow coefficient ¢ = %, it becomes clear that the following expression is also an

D
impeller eye similarity requirement:

b = dsp (38)

Next, looking at the requirement for similar velocity triangles at the impeller tip, assuming the angle of the relative
velocity to be given by the impeller discharge blade angle and this velocity angle to be equal between test and specified
conditions, a similar expression can be given:
Qi Qui
( np) _ ( np) (39)
N /¢ N /s

By combining these expressions for the impeller eye and tip, the following is the case:

Nsp _ Qeyesp _ Qtipsp
Nt Qeyet Qtipf

(40)

Substituting Q = mv this gives:

Nsp _ m5pv9yesp _ mSPVfipsp

> - 41)
Nt mtveyet mtvtipt

Which gives
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<‘Veye> _ <vLy> @)
Vtip sp Vtip ¢

In summary, the deduced kinematic similarity requirements for dry gas are:
- (Veye)
Vtip t‘

4.1.2 Kinematic similarity for wet gas compressors

be = by and (22)
Vtip sp

For a wet compressor, where liquids are introduced through the inlet duct, reoriented and led towards the impeller eye, it
is reasonable to assume that the liquid droplets will not follow the same trajectory as the gas. One can argue that this
reorientation of the mixture causes liquid and gas to hit the impeller eye at different angles and, due to phase slip, at
different velocities. The velocity triangles, especially for the liquid droplets, will also vary at different impeller eye
locations.

Phase coupling should also be considered, as both momentum coupling and mass coupling (due to evaporation) will
affect the droplet and gas flow field, hence also affecting the velocity triangles. Momentum coupling effects will increase
with decreasing GVF.

Two important parameters for describing the ability of droplets to follow the gas flow field are the Stoke number, St, and
the liquid-gas density ratio. Several authors [9, 22] have proposed the relevance of the density ratio.

The simplified analysis above illustrates how the complexity regarding determining kinematic similarity increases when
introducing wet gas into the compressor. For wet gas kinematic similarity to be valid at the impeller eye, one possible
approach could be to include additional requirements to the dry gas requirements given by Eq.(35) to Eq.(38). Such
requirements could include restricting the Stokes number, liquid/gas density ratio, etc., to specified limits of deviation
between test conditions and specified conditions.

Furthermore, looking at the impeller tip, when applying the same reasoning as with the impeller eye, it can be argued
that the resulting velocity triangles for the gas and liquid phase will not be equal, hence additional requirements are also
necessary for impeller tip kinematic similarity. Extending this reasoning even further, two-phase flow can be expected
to complicate the flow field throughout the compressor; hence the impeller eye and tip kinematic similarity might not be
sufficient requirements for similar flow fields throughout the machine.

In this context, the effect of altered velocity triangles on the efficiency of the compressor should also be mentioned. As
the liquid and gas phases have different angles of attack on the impeller, the optimum angle for both phases cannot be
met at the same time, hence two-phase flow will have a negative impact on compressor efficiency.

4.1.3 Dynamic similarity for wet gas compressors

Assuming there is a method of determining kinematic similarity for wet gas compression, the next step is to find relevant
dimensionless parameters to achieve dynamic similarity. Candidates for such parameters are:

e Machine Mach number

e Reynolds number

e Droplet Reynolds number
e  Stokes number

e Weber number

Definitions of these parameters are given in Chapter 2. The challenge that arises when attempting to use such numbers
for wet conditions is that the required properties are not uniquely defined or not easily obtainable. Speed of sound, density,
and viscosity are examples of properties not uniquely defined for wet flow. Several equations for the speed of sound have
been suggested for wet gas [26, 27] and the homogeneous density can potentially be applied to gain a good approximation
and several dynamic viscosities for multiphase flow have been proposed [12, 28, 29]. Furthermore, several of the
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variables will vary throughout the machine. This means that significant research is required to find suitable definitions
for wet gas compression.

4.1.4 Suggestion for machine Stoke and Weber numbers

Since most compressor performance measurements are flange to flange measurements and recalling how the machine
Reynolds number is defined, it is tempting to define a Machine Stokes number and a Machine Weber number similarly.
One attempt could be to define the Stokes number as

_ ppd3U,

st
"™ = 18ug b

(43)

Here, all the parameters could be assumed to be at the compressor inlet (this would of course require knowledge of these
magnitudes), the characteristic length, b of the system is chosen to be the first stage impeller exit width and U, can be
chosen as the first impeller tip speed.

Furthermore, a Machine weber number could be defined as

_ pcU3dy
Op

Wem (44)

Here the parameters could also be defined at inlet conditions and U, chosen to be the first impeller tip speed.

4.2 Creating a model for the wet gas hydrocarbon centrifugal compressor test results

Depending on reservoir depletion, wet well stream compressors will experience a gradual shift in inlet pressure and fluid
behaviour. Therefore, a major challenge both to designers and operators of wet gas compressors is understanding the
impact of changing operating conditions, such as gas mass fraction and density ratio, on performance. Currently, the
similarity theory is limited for wet applications and cannot predict which wet conditions are comparable. Precise models
that can predict wet gas performance are therefore of great interest and will be important for project development and
later for operational organizations.

A full-scale wet gas test was conducted on a two-impeller centrifugal compressor at K-Lab as part of a technology
qualification program. The test was conducted under realistic conditions i.e., realistic hydrocarbon composition,
pressures, and temperatures. A broad range of suction pressures was investigated with a gas mass fraction ranging from
0.7 to 1.0. Based on these results, a novel approach for modelling wet performance at varying inlet conditions was
developed. The basis for the model was to merge key dimensionless parameters into a single wet variable that allows
performance parameters to be given as a function of flow coefficient and this new variable. The test data used to develop
the model cover significant variations in gas-mass fraction, fluid density ratio and Mach number. A comprehensive test
campaign was conducted as part of the technology qualification with compressor speeds ranging between 8807- and
13210 rpm, and a suction pressure between 20 and 110 bar. However, in this work, the focus is on wet performance data
obtained as part of the compressor mapping. The latter part of the test campaign included a fouling test. Any test points
taken after the onset of the fouling test are associated with performance degradation and are thus removed from the
dataset.

It is widely known that the gas mass fraction, GMF, strongly affects the wet performance of centrifugal compressors.
However, on its own, the GMF does not completely describe the effect. To illustrate this Figure 12 and Figure 13 show
normalized polytropic efficiency vs normalized flow coefficient for two of the curve sets, namely 125-90-HC and 55-90-
HC, as given by the test matrix (Table 8). The curve set name convention is indicated by: percent of design pressure —
per cent of design speed — liquid type. It is clear from this figure that the efficiency of both curve sets is strongly affected
negatively by increasing liquid content. Furthermore, the 55-90-HC curve set is more affected by the increasing liquid
amount than the 125-90-HC curve set. A major difference between these curve sets is the suction pressure, hence the
density ratio between liquid and gas also differs. The liquid to gas density ratio for curve sets were approximately 12 and
30 where higher pressure gives a lower density ratio.



METHOD DESCRIPTION FOR WET GAS COMPRESSOR ANALYSIS 27

4
09 r 4 0.9 4
;08 4 ._"_" 0.8 4
s &
& 07 [—o—125:90-HC, GMF = 1 1 S o07f 4
—6— 125-90-HC, GMF = 0.95 +§§'§g':§' gmi : (1, 95
06l 125-90-HC, GMF = 0.9 i L _00-HC. GMF = 0. -
125-90-HC, GMF = 0.8 06 :g gg :g ng - 8'2
05 - - : : 05 [ ‘ | ‘
0.5 0.6 0.8 0.9 1 0.5 0.6

0.8 0.9 1

0.7 0.7

(bwet ['] ¢wet [—]
Figure 12 Normalized polytropic efficiency vs Figure 13 Normalized polytropic efficiency vs
normalized flow coefficient for curve set 125-90-HC.  pormalized flow coefficient for curve set 55-90-HC

As the performance is impacted more strongly for larger density ratios when comparing curves of the same GMF, the
density ratio is obviously one parameter of interest when trying to model wet gas performance. Furthermore, other
parameters also contribute to the shift in wet performance and were investigated.

To model the change in wet performance for different operating conditions, the starting point was the notion that the wet-
polytropic head coefficient and polytropic efficiency could be modelled by polynomial surfaces represented by the flow
coefficient, and a new wet variable I'. The third-degree polynomial surface was chosen for the polytropic head coefficient
and is given by an equation of the form:

Hp(Dwets T,) = Poo + ProPwer + Porly, + PaoPiver + P11Pwerlu, + Poalic, + PaoPiver

45
+ p219nety, + Pr2Gwels, + Posli, @)
and the polytropic efficiency is given by:
My (Pwees Ty,) = Poo + ProPwer + Porly, + P20Piver + P11Pwely, + Pozrﬁp + P3oPivet (46)

+ P21 ¢3vetrnp + P12 ¢wetrr;2,, + Pos Fn3p

Where ¢, is the flow coefficient, Fup is the wet variable for the polytropic head coefficient model, F,]p is the wet

variable for the polytropic efficiency model, and the p’s are the regression coefficients for the polynomial surface of
degree 3 in ¢, and degree 3 in T, and Lo

Furthermore, it was suspected that the wet variable I' can be represented as a function of important dimensionless
parameters such as GMF, density ratio, and possibly other variables such as the viscosity ratio between the gas and liquid
phase, etc. The general form of the wet variable I' selected was given by the equation

T(Xy, Xo, o, Xp) = X2X52 . X" 47)

where Xj, ..., X,, are dimensionless variables and aq, ..., a, are constants. To establish the constants a, ..., a,, that
generate the best models in Eq.(45) and Eq.(46), the MATLAB optimization function fmincon was used. The objective
function for the optimization was based on maximizing the goodness of fit variable R?. Figure 14 illustrates an example
of the modelled normalized polytropic head coefficient as a function of the normalized flow coefficient and the wet
variable defined by Eq.(47), and
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Table 5 shows examples of different choices of the wet variable I' that were investigated. As can be seen in Figure 14,

the model is represented by the surface plotted together with the datapoints for all the curve sets. One advantage of the

proposed method is that it allows for visualization of the model in such 3D plots.
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Figure 14 Example of normalized polytropic head coefficient plotted against normalized flow coefficient and the

wet variable I'. The model is represented by the surface shown in the plot.
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Table 5 Examples of different variants of the wet variable I, that have been investigated.
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4.3 Uncertainty and sensitivity analysis for wet gas compressor test results

When evaluating the performance parameters of a wet gas compressor, knowledge of the standard uncertainty of the
results is of great importance. Therefore, the uncertainties of compressor performance parameters in a wet gas test loop
were investigated. The VGII test loop (see Figure 11) was taken as the basis for the calculations. A simplified version of
the loop was modelled. Both one wet and one dry case were investigated. The uncertainties were propagated through the
whole wet gas test loop system by the Monte Carlo Method (MCM) and a sensitivity analysis were performed. This way,
the total expanded uncertainties were established and from the sensitivity analysis, it was possible to investigate which
input parameters had the greatest effect on the output parameters. The uncertainty results for SRK Peneloux(T) and PR78
Peneloux(T) EOS were documented and the effect of two different polar components models, namely the Huron-Vidal
and Cubic-Plus-Association were investigated. This gives a comprehensive picture of which uncertainties can be
expected for different compressor performance parameters. Furthermore, it illustrates what uncertainties can be expected
resulting from measurement uncertainties and what can be expected from the choice of EOS.

4.3.1 Monte Carlo Method

The most recognized international standard for the evaluation of uncertainty is the Guide to the Expression of Uncertainty
in Measurement (GUM) [30]. Another commonly used standard is the ASME PTC 19.1 Test Uncertainty [31]. In the
GUM, propagation of uncertainty calculations is based on a first-order Taylor approximation of ¥ = f(X{, X5, ..., Xy),
where Y is the measurand and X is the input quantities to the functional relationship. The exception is for highly nonlinear
systems where higher-order derivatives are required. Also, to correctly determine the coverage factor for the measurand,
knowledge of the probability distribution of ¥ is required. As stated in Annex G.1.5 of the GUM: “If the functional
relationship between Y and its input quantities is nonlinear and a first-order Taylor series expansion of the relationship
is not an acceptable approximation, then the probability distribution of Y cannot be obtained by convolving the
distribution of the input quantities. In such cases, other analytical or numerical methods are required.” Such a numerical
method is outlined in GUM Supplement 1 [32], where the Propagation of Distributions using a Monte Carlo Method
(MCM) is given. For a complicated system, such as the wet gas compressor system simulated here, it is clear that a Monte
Carlo Method (MCM) is right for analyzing the propagation of uncertainty for the wet gas compressor system analyzed.

A simulation model was developed for the investigation. The simulation was written as a MATLAB code and data was
passed to and from PVTsim Nova 4 via the Open Structure API, where all flash calculations were performed. The
MATLAB code, including PVTsim database files used to produce the results, are freely available at [33]. The modelled
system is illustrated in Figure 15 and can be regarded as a simplified model of the VGII loop shown in Figure 11.
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Figure 15 Illustration of the modelled system
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A set of input parameters was selected for both the wet and dry cases. From the input parameters and their designated

probability density functions, random samples were pulled and passed to the model.

One wet and one dry case were investigated, and for each case, the calculations have been conducted for both SRK
Peneloux(T) and PR78 Peneloux(T) equations of state. The Peneloux(T) was used, as it is known to give better estimates
for liquid density. Further, for each choice of EOS, the calculations were conducted using both the Huron and Vidal
(HV) and Cubic-Plus-Association (CPA) polar components model. The combinations used for PVTsim Nova setup are
listed in Table 6. For each case listed in Table 6, the MCM was conducted for 10,000 sets of randomly sampled input

parameters.

Table 6 PVTsim Nova setup for cases

EOS Polar Viscosity
Components Model
Wet case Setup 1~ SRK Peneloux(T) HV CSP
Wet case Setup2 ~ SRK Peneloux(T) CPA CSP
Wet case Setup3  PR78 Peneloux(T) HV CSP
Wet case Setup4  PR78 Peneloux(T) CPA CSP
Dry case Setup 1 SRK Peneloux(T) HV CSp
Dry case Setup2  SRK Peneloux(T) CPA CSP
Dry case Setup 3 PR78 Peneloux(T) HV CSP
Dry case Setup4  PR78 Peneloux(T) CPA CSP

For the random sampling of compositional data, another scheme is required compared with other input parameters.
Misinterpretations of correlations in compositional data have long been a disputed subject in the field of geology, and the
source of the problem is as explained by J. Aitchison [34]: “The difficulty arises because a basis or open vector of
uncorrelated positive quantities x4, ..., X441 leads to a composition or closed vector of proportions y; = x;/(xq + -+ +
Xq+1) (i =1,...,d+ 1) which are necessarily correlated.”
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A problem of this type was met in the loop simulations, as random compositional data for the Monte Carlo simulations
had to be sampled. Two different approaches were used for estimating the uncertainties of compositions arising from gas
chromatographs, one method for the gas and another for the condensate.

Random sampling of compositional data for the gas: The standard deviation of compositional data of the rich gas was
calculated using sp = e~428+0715In (x) ' (found in ISO 6974-3 [35]). The methane standard deviation was then set to 0.
The random values for all components, except methane, were generated using the normal distribution with a molar
fraction as expected values and sy as standard deviation. After generating n random values, the results were normalized.
This results in standard deviations comparable with the values given in ISO 6974-3 for all components including methane.
This can be called the conventional approach [36].

Random sampling of compositional data for the oil/condensate: The oil/condensate composition uncertainties were
estimated based on statements from a laboratory and repeated condensate samples taken at K-lab. The perturbations were
performed for all components, assuming zero covariance, and normalized after perturbation. This method gives negative
covariance between the dominant component, C10+, and all other components.

4.3.2 Sensitivity analysis

While the quantitative total expanded uncertainties were obtained from the MCM, a sensitivity analysis (SA) provides
additional information about how uncertainties in the output of the model can be apportioned to different sources of
uncertainty in the model input. When the sensitivities are established, this can help direct the effort for which input
uncertainties should be reduced if one aims to reduce the overall uncertainty of the output. It is therefore always advisable
to perform an SA together with the uncertainty analysis. Sensitivity analysis can be divided into two groups, namely local
and global methods. If a model is given by the function y = f(x), where x = [x4, X3, X3, ..., X ] are the input parameters,
the local sensitivity is given as the partial derivative of the model with respect to one of the input variables at a specific
location, namely @ = dy/dx; [37]. The local method is in principle only valid for linear models and does not account
for any covariance in the input variables. On the other hand, global methods give sensitivity over the total input parameter
space. In this work, the global method of scatter plots, including correlations, was performed, but the main analysis was
based on the sigma-normalized derivatives. The sigma-normalized derivatives are given as [38]:

Oy, 0y
o 13
== 48
= o @8)
Here, o, is the standard deviation of the population input x;, and 6, is the standard deviation of the population output
y. Note that the empirical standard deviations s,; and s, were used as input to equation 48. The sigma-normalized
derivatives 8%, have the property that the sum of its squares should add to unity for a linear system [38]

k
Dez) =1 (49)
i=1

One important feature of the local method for compositional data is that a step-change in one component leads to a change

in all other components after normalization, and a step-change in a dominant component, say methane in natural gas, will

be reduced dramatically after normalization. If a gas consists of 90% methane and a 1% step is performed, the resulting

step size after normalization will be around 0.1%. For this reason, the step size after normalization was used to calculate
ay

the partial derivatives 8 = F which were used to establish sigma-normalized derivatives.
4

4.4 Fouling effects on wet gas centrifugal compressor performance

As mentioned earlier, a prerequisite for the successful implementation of subsea wet gas compressors is high reliability.
Therefore, knowledge of possible failure modes is important. The detrimental effect of fouling on wet gas performance
was observed as part of fouling testing at K-Lab, as mentioned in section 4.2. Therefore, an investigation of the effect in
controlled conditions at NTNU was initiated. A test campaign was conducted to investigate the effect of fouling in both
wet and dry conditions. The results documenting these effects are presented together with a proposed method for
correcting the effects of fouling between dry and wet conditions.

Compressor operating experiences show several challenges related to deterioration: some to internal wear, i.e., labyrinth
clogging, material pitting and deformation and others to internal flow channel fouling. Depending on the application and
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operating conditions, the fouling deposits may vary from soft sticking ‘glue’ to a hard-shell cover. Roughness varies
considerably between the various fouling cases. Representative cases are given in the figures below. Figure 16 shows the
sticky fouling formed on a natural gas compressor. This compressor was fouled due to the carry-over of liquid
hydrocarbons from the suction separator during operation at the Asgard field, as the lighter components boiled off, the
heavy hydrocarbon components were deposited on the compressor internals. Figure 17 shows fouling deliberately
produced during the wet gas compressor test campaign at K-Lab. This deposit is pure iron carbonate precipitated during
water evaporation through the compressor.

Figure 16 Impeller and diffuser on Asgard compressor fouled
during operation

Figure 17 Wet gas compressor deliberately
fouled during testing at K-Lab. The
picture shows the impeller tip and the
diffuser.

The fouling deposit depicted in Figure 17 was produced by injecting small amounts of water, ensuring theoretically
complete evaporation inside the machine. The fouling thickness and surface roughness varied throughout the flow path
of the machine and the sample thickness varied from 0.15 mm to 1.3 mm. As can be seen in Figure 17, the fouling is
thick in some locations and thinner in others. This inhomogeneity was probably a result of the test programme, where
fouling conditions were followed by heavy washing and this procedure was later repeated a second time before the
compressor was dismantled.

Based on the fouling cases presented in Figure 16 to Figure 17, a representative deposit layer with a thickness of 1.4 mm
and a roughness of approximately 500 pm was applied at the NTNU compressor impeller and diffuser section in areas as
illustrated by Figure 18. An overview picture taken during the fouling application is given in Figure 19. The main
contributions to increased losses will then be increased skin friction and increased blockage due to the thickness of the
fouling layer.



METHOD DESCRIPTION FOR WET GAS COMPRESSOR ANALYSIS 33

Masking

Figure 18 Cross-sectional drawing indicating
where the deposit is applied. Dark red indicates
deposit on the impeller hub and diffuser hub side.
Light red indicates deposit on impeller vanes.

Figure 19 Picture ta
fouling on the NTNU compressor. The picture was
taken before shroud mounting.

The artificial ‘fouling’ deposits at the test lab compressor were made by applying a mixture of ‘metal paint’ blended with
‘saw cutaway’ of the material PMMA (poly(methyl methacrylate)). The fouling deposit was applied using a paint brush,
and the deposit was applied in 11 layers to ensure a robust and uniform surface.

To analyse the test results, a UniSim model was built to represent the NTNU impeller test rig, see Figure 20. Furthermore,
an ActiveX/COM interface was used between MATLAB and UniSim so that test data could be written and the results
read from the UniSim model. The wet performance was estimated based on homogeneous wet fluid properties obtained
from the UniSim model. The wet gas polytropic head and efficiency were calculated by equation Eq.(23), Eq.(25) and
Eq.(26). The decreased discharge temperature in wet conditions leads to increased uncertainty in performance
calculations that are based on enthalpies. Therefore, the torque meter power measurement was used as the power input
for the compressor. The discharge temperature was thus calculated based on inlet conditions, discharge pressure and the
torque meter power input.
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BarometerStation W AirAt H 5 o
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MIX-100
WaterForSat
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Figure 20 UniSim simulation case designed to calculate fouling results
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4.4.1 Reynolds number correction

Geometric, kinematic and dynamic similarity are required for the comparison of results between conditions in model
testing. In general, similar surface roughness between model and prototype is a similarity requirement [24], and a similar
Reynolds number between conditions is one of the requirements for dynamic similarity [39]. However, in performance
testing according to both ASME PTC 10 [2] and ISO 5389 [3], Reynolds number correction between the test and the
specified condition is allowed. The correction is done according to the ICAAMC working group procedure [40]. This
procedure provides a method for correcting efficiency, head coefficients and flow coefficient between the test and
specified conditions. To evaluate the fouling effects on wet and dry performance, the ICAAMC procedure was chosen
as the starting point. It was chosen because it is a well-established procedure for dry gas, and it would be interesting to
see if adaptations for wet gas could be implemented. In the following, a derivation of the ICAAMC equation for efficiency
correction is given.

Skin hydraulic losses can be compared to the losses in pipe flow, which are given by the Darcy-Weisbach equation

2

Here, App is the pressure loss due to friction, L is the length, p is the density, V is the average velocity, d is the diameter
and f is the Darcy friction factor. For the turbulent region, f can be found from the Colebrook equation [41]

251 ks
) (€2))
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0810 (Reﬁ+ 37d
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where Re is the Reynolds number. The roughness k; is the equivalent sand roughness, representing a uniform grain size
distribution that was used to produce the empirical data by Nikuradse [42]. For a machined surface, typically the
arithmetic average roughness, R, is available. It is defined as

n
1
Ro== Iy (52)
i=1

where y; is the distance from the mean line of the i-th measurement. A method for relating the arithmetic average
roughness R, of a machined surface to the equivalent sand roughness is needed if Eq.(51)) is to be used. The method
chosen by the ICAAMC working group [40] is ks/d = R,/b,, where b, is the impeller tip width.

Here, the method motivated by Casey [43] for deriving the expression given by ICAAMC that relates loss between
specified and test conditions is given. The efficiency of a compressor can be given as

Ah — Ahyp — Ahg, L V2
F fmdep=1_f
Ah

¢

= a28n° (53)

Here, Ah is the specific enthalpy increase over the machine, Ahy the specific enthalpy loss caused by friction, Ahy, dep

are the friction-independent specific enthalpy loss and ¢ denotes the non-friction losses, assuming V o u, this expression
can be simplified to
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Cc
n=1-_f-¢ (54)

where T is the work coefficient and ¢ is a constant. The difference between two states of different friction factors,
assuming ¢ is constant, would then be

C Csp

Nsp =Nt = _ft f (55)
Further, assuming cg, = ¢¢, and comparing dynamically similar conditions (g, = 7;), we can simplify further

Nsp — Mt = ;(ft - fsp) (56)

Casey [43] showed how Eq(54) could be used to derive the efficiency correction equation given in the ICAAMC paper

[40] by defining the constant a as the fraction of losses at some limit of critical friction factor a = aLr
R

fs

1_
Tsp a+(1—a)]#
CR

1—ncg _ 1-0sp

1-n  1-n, f
T A 1-—a)2lt
1 —ncr a+( a)fCR

(57)

This is equal to the expression proposed by the ICAAMC working group, but they assign a the constant value of 0.3.
One plausible reason why a apparently can be treated as a constant 0.3 as given by ICAAMC, is that most machines
tested are close to hydraulically smooth and therefore will have similar limits for fi5.

The main assumptions for this expression can be summarised as:
1. Friction losses can be calculated like losses in pipe flow.
2. The hydraulic diameter d in Eq.(53) is assumed constant between test and specified conditions.

3. Functions describing frictional losses are equal for all operational points 6 = const. This value is probably a
function of operating condition 6(¢) but can be treated as a constant when only evaluating performance change
due to frictional factor change at the best efficiency point.

4. The kinematic and dynamic similarity between the test and specified conditions.
5. The non-friction losses are equal between the test and specified conditions {s;, = {; = ¢

6. The critical friction factor f is equal in both the test and the specified conditions.
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5 RESULTS AND DISCUSSION

This chapter summarizes the experimental results and theoretical analysis conducted as part of this thesis. First, it includes
fundamental aspects relating to similarity and its limitation for wet gas compressor performance analysis. Secondly, the
performance test result from a hydrocarbon centrifugal compressor test campaign is utilized to generate a novel method
for modelling wet gas performance. Thirdly, it includes wet gas performance uncertainty analysis utilizing the Monte
Carlo Method (MCM) and sensitivity analysis, and finally fouling test results are presented together with a proposed
fouling correction method.

5.1 Similarity analysis for wet gas centrifugal compressor

The background and methods for this chapter are outlined in section 4.1. Based on the proposed definitions of the Machine
Stokes number and the Machine Weber number given in section 4.1, some example values of these numbers are presented
in Table 7. One case for Air/Water at atmospheric conditions and several cases for Rich gas/Condensate/water mixtures
at actual conditions are tabulated. The inlet pressure, temperature, and droplet size are varied to obtain the listed values
and the physical data for Rich gas/Condensate/water mixtures are based on typical equilibrium compositions as they
would be in the K-lab VGII test loop.

Table 7 Example values of Machine Stokes numbers and Machine Weber numbers. Typical equilibrium composition

values for Rich Gas/Condensate/Water mixtures for the VGII loop are presented.

Parameter Air/water RG/Cond RG/Cond RG/Cond RG/Cond RG/Cond RG/Cond RG/Cond RG/Cond RG/Cond
(NTNU) ./water ./water ./water ./water ./water ./water ./water ./water ./water

P [bar] 1.0 46.5 100.0 100.0 20.0 20.0 100.0 100.0 20.0 20.0

T [°C] 20.0 13.5 20.0 60.0 20.0 60.0 20.0 60.0 20.0 60.0
ODyater.arop LMN/M] 73.0 80.5 74.1 65.4 82.4 75.7 74.1 65.4 82.4 75.7

0D conaarop LN/M] - 143 438 6.4 19.1 163 4.8 6.4 19.1 16.3

U [Pass] 1.82E-05 1.20E-05 1.54E-05 1.55E-05 1.15E-05 1.26E-05 1.54E-05 1.55E-05 1.15E-05 1.26E-05
dp[um] 60.0 60.0 60.0 60.0 60.0 60.0 100.0 100.0 100.0 100.0
Pbeondarop [KE/M’] - 729.0 631.9 6723 757.2 731.7 631.9 672.3 757.2 731.7
Pbuwaterdrop LKEM’] 998.0 999.3 998.0 983.8 997.6 982.6 998.0 983.8 997.6 982.6
pe [kg/m?] 1.2 40.5 109.3 87.8 16.3 16.1 109.3 87.8 16.3 16.1

U, [m/s] 150.0 150.0 150.0 150.0 150.0 150.0 150.0 150.0 150.0 150.0

b [m] 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
StMmyater arops [-] 82.2 124.4 97.3 95.1 130.6 117.4 270.4 264.2 362.9 326.2
StMeong. arops [-] - 90.8 61.6 65.0 99.2 87.4 171.2 180.6 275.5 2429
Wemy,ater arops [-] 22 680 1989 1811 267 287 3315 3018 444 478
Wemcona. arops [-] - 3833 30555 18482 1151 1333 50925 30803 1918 2221

The Machine Stokes number was higher for condensate droplets compared with water droplets due to higher droplet
density for water. It is noteworthy that a similar Machine Stokes number can be targeted for atmospheric conditions
(with water droplets) compared to hydrocarbon real conditions (with condensate droplets). However, for the Machine
Weber number, this is not possible, as the number is substantially larger for real conditions compared to atmospheric
conditions. This indicates that the breakup of droplets is more dominant in real conditions compared to atmospheric
conditions, and more dominant for hydrocarbon droplets compared to water droplets.
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5.1.1 Summary

- The problem of defining similarity conditions relating to wet compressor performance testing was exposed.
Furthermore, the complexity of the wet gas compression process has been illuminated. Therefore, the need for
test facilities where fundamental research can be carried out is of utmost importance.

- It has been shown by reasoning how the introduction of liquids into a compressor will complicate the flow field
and that no general method for ensuring kinematic similarity between different operating conditions can be
found. However, pragmatic approaches could give approximate solutions within certain limits.

- The problem of defining wet dynamic similarity parameters, such as the Machine Mach Number and Machine
Reynolds number, was exposed and some suggestions for Machine Stokes and Weber number were proposed.

- The issue of how to define a Type2 test for wet gas compressor performance has been exposed. It is still not
clear if Type2 testing of wet gas compressors is possible, i.e., it is not clear whether kinematic and dynamic
similarity can be adequately fulfilled to allow for the comparison of results between the test and specified
conditions (when the test and specified conditions deviate significantly).

5.2 Creating a model for the wet gas hydrocarbon centrifugal compressor test results

The background and methods for this chapter are outlined in section 4.2. The test matrix for the performance mapping
that was conducted is given in Table 8. Every row in this table is a set of curves, which have the same speed, suction
pressure, suction temperature, and the same type of liquid injected. The GMF range for every curve set is given in the
table, and every curve in the curve set contains 5 (6 for some cures to investigate boundaries) points taken at different
flow rates ranging between surge and choke. The curve set name convention is indicated by relative pressure-relative
speed-liquid type, where relative refers to the design values. The selected test matrix for performance mapping gives a
representative range of test points both at design and off design conditions. Furthermore, it spans typical liquid loads for
gas/condensate well streams.

Table 8 The test matrix for the two-impeller centrifugal compressor tested at K-Lab. Suction pressure and
compressor speed are given as percentages of the design values. *Water and hydrocarbon liquid were injected in
equal mass amounts.

p1 Speed Dr Visc Ratio

Curve set L.

% bar % rpm GMF Liquid type I W
Name X ) = s

design  design Pg Hg
100-100-HC 100 100 [1.00.950.9 0.8 0.7] HC 15 40
100-90-HC 100 90 [1.00.950.90.8 0.7] HC 15 40
100-90-HC+Aq 100 90 [1.00.950.9 0.8 0.7] HC+Aq* 18 44
125-90-HC 125 90 [1.00.950.9 0.8] HC 12 39
55-90-HC 55 90 [1.00.950.9 0.8 0.7] HC 30 58
100-80-HC 100 80 [1.00.950.9 0.8 0.7] HC 15 40

Figure 21 shows the resulting pressure ratio vs normalized flow coefficient curves for all curve sets taken at 90% of the
design speed with pure hydrocarbon liquid as the injected liquid. Notice how the crossing point for when liquid injection
gives increased pressure ratio shifts towards the right as the suction pressure increases (i.e., when the density ratio

L decreases).
Pg
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Figure 21 The pressure ratio vs normalized flow coefficient. The curve set name convention is indicated by:
percent of design pressure — percent of design speed — liquid type.
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To model the change in wet performance for different operating conditions, several variants of the wet variable I' were
tested to investigate which dimensionless variables were suited for modelling wet performance. All variables were
defined at inlet conditions. An example of a simple variant of T, that gave good model prediction is given by

['(GMF,GVF) = GMF*GVF% (58)

This variant is indirectly linked to densities, as shown in Eq.(6) because the ratio of GVF to GMF equals the ratio of mix
density to gas density for homogeneous flow.

As the density ratio relates to the separation of phases and the viscosity ratio relates to the pressure loss and entropy
generation in the flow, we assert that these variables are related to both the wet- polytropic head coefficient and efficiency.
Inspired by the original work by Lockhart and Martinelli[13] for estimation of pressure loss in two-phase flow, a similar
variant for I' was tested. This variant is given by

M, pg K m\* pg\%2 (1 \*
F<._l,_g__l>:<._l) <_a) <_l> (59)
mg P l'lg mg P :ug

and defined as zero when i, = 0. This variant provides a very good model for both the polytropic head coefficient and
polytropic efficiency. Figure 22 illustrates the modelled normalized polytropic head coefficient as a function of the
normalized flow coefficient and the wet variable defined by Eq.(59). Here the model is represented by the surface, plotted
together with the data points for all the curve sets. The model gives a good representation of the tested data. One advantage
of the proposed method is that it allows for visualization of the model in 3D plots.
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Figure 22 Normalized polytropic head coefficient plotted against normalized flow coefficient and the wet variable
I'. The model is the surface shown in the plot.

Figure 23 shows modelled vs measured normalized polytropic head coefficient for all test points. The model captures the
variation in polytropic head to a large degree. Figure 24 shows a residual plot for the normalized polytropic head
coefficient. For these normalized data, the predicted values show error within £0.04, while most errors are within £0.02
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Figure 25 illustrates the modelled normalized polytropic efficiency as a function of the normalized flow coefficient and
the wet variable defined by Eq.(59). The model is represented by the surface, plotted together with the data points for all
the curve sets. Also, for polytropic efficiency, the model gives a good representation of the tested data.
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Figure 25 Normalized polytropic efficiency plotted against normalized flow coefficient and the wet variable I'.
The model is the surface shown in the plot.

Figure 26 shows modelled vs measured polytropic efficiency coefficient for all test points. The model also captures the
variation in polytropic efficiency to a large degree. Figure 27 shows a residual plot for normalized polytropic efficiency.
For these normalized data, all predicted values show errors within £0.04, while most errors are within +£0.02.
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Figure 26 Plot showing model vs test data for Figure 27 Residual plot for normalized polytropic efficiency.
normalized polytropic efficiency.

Many combinations of inputs to the wet variable I' can be chosen, and it is interesting to investigate the resulting goodness
of different choices. Goodness of fit parameters for a selection of I' variants is summarized in Table 9 and Table 10.

Table 9 Regression result for the Polytropic Head coefficient for different variants of the wet variable ru,,~

Predicted Wet variable
: SSE  R*  R*adj RMSE
variable r
M
i GVF® 0.1398 0970 0968 00327
y GMFa 00406 0991 0991 00176
ay
. (p—’"> 00368 0992 0992 0.0168
Pg
a,\™
. (—’“> 00334 0993 0992 0.0160
a
g
y GMF®©GYF® 00298 0994 0993 00151
L\ a1 a az
. (ﬂ) (p—”>2<ﬂ) 00200 0994 0993 0.0149
my) \pr) \ug
. GMFaMa%, 00246 0995 0994 00137
az
fp Maf;et(p—'"> 00204 0996 0995 00125
Py
as
@ (Pa\ (Em
i Maw‘et(—) Em)" 00127 0997 0997 00098
pm) \tg
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Table 10 Regression result for Polytropic efficiency for different variants of the wet variable F,lp.

. Wet variable
f;:i‘i;l‘;':zd SSE R  Radj RMSE
I,
. GVF& 0.1896 0906 0899 0.0380
- GMF® 0.0445 0978 0976 0.0184
. GMF“MaZ2, 0.0431 0979 0977 0.0181
o\
T <—’") 0.0380 0981 0980 0.0170
Pg
az
N Ma;;t(‘;—m> 00363 0982 0981 0.0167
g9
a,\“
. (-’") 0.0316 0984 0983 0.0155
a,
g
. GMF@GVF® 00176 0991 0991 0.0116
e e s
Ty (ﬁ) (p—”) (ﬂ) 00159 0992 0992 00110
mg) \p) \ug
1\ (pg\=
N LMF%(—‘) (—g) 0.0149 0993 0992 0.0107
Hg 14
w\®
S LMFalLVFaz(H—‘) 0.0143 0993 0992 0.0104
9

Indeed, several variants give good models for the test data set at hand. Furthermore, it is interesting to notice that simple
variants that rely only on GMF and GVF or of GVF and density ratio give quite representative models. However, the best
models are given by including viscosities, the velocity of sound, and the wet Mach number.

5.2.1 Measurement and model uncertainties

The instrumentation used to retrieve the analysed data was in accordance with the ASME PTC 10 performance test code
and includes flow orifice, pressure- and temperature metering at suction and discharge, and torque meter for power
measurements. Typical values for relative standard uncertainty of performance parameters are summarized in Table 11.

Table 11 Typical values for relative standard uncertainty of performance parameters

Dry Wet
Variable
u(k =2) [%] u(k = 2) [%]
Uy 0.7 1.0
My 1.7 2.0
¢ 1.0 1.0

It is important to be aware that overfitting is a potential issue when building models and should be addressed to avoid
failure when applying the model for prediction on future observations. By reducing the number of input parameters
inserted into the wet variable I', given by Eq.(47), the degrees of freedom are reduced, thus the risk of overfitting is
lowered. Another way of reducing the degrees of freedom could be to utilize a second-order polynomial instead of a
third-order polynomial for the modelled surface given by Eq.(45) and Eq.(46). Furthermore, methods for reducing the
risk of overfitting, such as the K-fold cross-validation, should be implemented in the future development of the proposed
method for the wet gas performance model.
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5.2.2

Summary

Test results obtained from a two-impeller centrifugal compressor tested at K-Lab at varying operating conditions
have been analysed. Based on these data a new method for generating a wet gas compressor performance model
has been proposed. This model merges identified key dimensionless parameters into a new wet variable.

Identified key parameters affecting wet performance are GVF, LVF, or density ratio of liquid to gas. However,
when including viscosity and wet Mach number, the model describes the performance variation to the greatest
extent.

The proposed model can predict both the polytropic head coefficient and polytropic efficiency according to the
available test data. The proposed method is generic in the sense that it can easily be tuned for other machines
and expanded to include other variables. Another advantage of the proposed method is that it merges all
identified variables into one wet variable, thus a 3D plot representing the wet performance can easily be
generated.

The presented results indicate that wet performance curves can be generated for centrifugal compressors. To
establish such curves, some wet performance mapping will be necessary. Mapping of varying GMF'’s and at a
representative range of density ratios to allow for a model that can be utilized for an appropriate range of
operating conditions is recommended. To further develop the model, mapping with fluids of varying viscosity
will also be an advantage
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5.3 Uncertainty and sensitivity analysis for wet gas compressor test results

The background and methods for this chapter are outlined in section 4.3. Figure 28 and Figure 29, show resulting Monte
Carlo simulations for the operating point of the wet cases. Here, the operating points for mechanically determined
polytropic efficiency 1,y and thermodynamically determined polytropic efficiency 7,7 versus flow are depicted. All
wet cases given in Table 6 are given in these plots. It is clear that the choice of EOS affects both the mechanically
determined and thermodynamically determined efficiency and that the polar components model only affects the
thermodynamically determined polytropic efficiency. It is noteworthy to see how great the uncertainty is in the
thermodynamically determined polytropic efficiency, compared to the mechanically determined polytropic efficiency.
This significant difference arises from the specific enthalpy uncertainty that is significantly greater when determined
from the thermodynamics compared to torque meter and mass flow. Furthermore, the mechanically determined enthalpy
change is not affected by the polar components model, while the thermodynamically determined enthalpy change shows
a strong dependence on both the EOS and polar components model.

08 08
SRK HV wet SRK HV wet
078 SRK CPA wet 078 SRK CPA wet
PR78 HV wet PR78 HV wet
0.76 PR78 CPA wet 0.76 PR78 CPA wet
074 - 0.74 -
0721 0721
) =
S 07} & 07f
S &
068 068
0.66 - 0.66
064 - 0.64 -
062 - 062 -
0.6 0.6
2550 2600 2650 2700 2750 2800 2850 2550 2600 2650 2700 2750 2800 2850

Q@ [m3/h] Q [m3/h]

Figure 28 Operating point wet case, given by the
polytropic mechanically determined efficiency versus

actual flow

Figure 29 Operating point wet case, given by the
thermodynamically determined polytropic efficiency
versus actual flow

The resulting uncertainty data for compressor performance parameters are presented in Table 12 and Table 13.

Table 12 MCM uncertainty for the PR78 HV wet case

Measurand

y

u(k=1)

u 95% Coverage interval

§ *100%

h,[kl/kg] 23.51 0.12 0.52 [23.27-23.75]
Pr [kW] 1524 21 1.4 [1483-1566]
Py [kW] 1540 10 0.65 [1521-1560]
Npr [-] 0.669 0.010 1.5 [0.650-0.689]
Mpml-] 0.6618 0.0064 0.97 [0.6492-0.6745]
Q [m¥h] 2665 14 0.54 [2636-2693]
LMF [-] 0.1384 0.0011 0.79 [0.1363-0.1405]
GVF [-] 0.98990 0.00010 0.010 [0.98970-0.99009]

Table 13 MCM uncertainty for the PR78 HV Dry Case
Measurand y uk=1) ; +100% 95% Coverage interval
h,[kl/kg] 37.71 0.13 0.36 [37.51-38.04]
Pr [kW] 1685 16 0.97 [1653-1717]
Py [kW] 1700 10 0.59 [1681-1720]
Mpr [-] 0.8372 0.0080 0.95 [0.8219-0.8532]
Mpml-] 0.8299 0.0072 0.86 [0.8158-0.8441]
Q [m*/h] 2638 14 0.54 [2610-2666]
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Here, the average output parameter value, together with the standard uncertainty (k=1), relative standard uncertainty in
percent, and the 95% coverage interval is given. As can be seen from these results, compressor performance parameters
that strongly depend on thermodynamic enthalpies have significantly greater uncertainty for the wet case compared to
the dry case. This can be seen in the standard uncertainties of the thermodynamically determined power and efficiency.
Furthermore, the expected uncertainties are greater for wet compared with dry performance parameters. When liquid is
injected into a compressor, the discharge temperature is significantly reduced. The lowering of the temperature difference
over the machine will make the uncertainties more sensitive to temperature for the wet case compared to the dry case.
Furthermore, if additional uncertainties would be assigned to multiphase temperature measurements, this effect will be
even greater. One example of increased multiphase temperature uncertainty could be if equilibrium is not reached at
compressor discharge, then the gas and liquid temperature could be different, and the measured temperature would no
longer represent the equilibrium temperature. The significant reduction in uncertainties for compressor performance
parameters that rely on a directly measured power, as compared with thermodynamically determined power, is thus clear.

Since characterization cannot be performed programmatically in PV Tsim, the effect of random variation of the C6-C10+
molecular weights and densities on characterization could not be investigated. Therefore, any impact in phase split and
flash properties arising from “random characterization”, which ultimately will have some effect on compressor
performance, could not be assessed.

5.3.1 Sensitivity analysis for a wet gas compressor system

Figure 30 provides a typical example of the scatter plot analysis. Here, it is clear that the variation in the polytropic head
is highly correlated with inlet pressure and has a low correlation with inlet temperature. The analysis of scatter plots is
also an efficient way to look for nonlinearities, which can be identified as bent scatter plots. The scatter plots for all
compressor performance parameters versus all input parameters were investigated by visual inspection and no significant
nonlinearities were found.

Correlation= -0.7312 o4 Correlation= 0.07345
23.8
& &0
=2 < 236
—~ -
= &
= =5
= < 234
23.2
23 . . . . . . . , 23 . . . . . . . )
59.8 59.85 59.9 59.95 60 60.05 60.1 60.15 60.2 49.6 49.7 49.8 49.9 50 50.1 50.2 50.3 50.4
pin [barg] Tin[°C]

Figure 30 Scatter plot for the Polytropic head versus inlet pressure and inlet Temperature

As the sigma-normalized derivatives, B;i, are very similar for all combinations of PVTsim settings listed in Table 6, the
resulting, 6%, are only presented for PR78 EOS with the HV polar components model for the wet and dry case. The top
10 sensitivities for selected performance parameters are given in Table 14 and Table 15 for the wet and dry case,
respectively. The uncertainties are dominated by pressure and temperature at the inlet and discharge, for the wet case,
some effects from the composition uncertainties are seen especially from the C10+ in the oil loading. Furthermore, the
torque power dominates the uncertainties for mechanically determined efficiency. These results show the importance of
having good control over pressure and temperature measurements at the compressor inlet and discharge. Temperature is
especially important for parameters that rely on thermodynamic enthalpy calculations, while mechanically determined
parameters rely strongly on torque meter uncertainty, as well as uncertainties relating to flow, such as gas orifice pressure
and differential pressure. The sensitivities relating to inlet and outlet pressure and temperature are not surprising, as the
requirements in ASME PTCI10 [2] are four pressure and four temperature sensors on both inlet and discharge of the
compressor during performance testing.



RESULTS AND DISCUSSION

47

Table 14 Top 10 sigma-normalized derivatives for selected performance parameters for the wet PR78 HV case

hy Ner ey Pr
x; 03, x; 03, X 03, x; 4
Pon 073 | T, 060 | Py 067 | Tom 0.66
Pout 057 | Tou 059 | pin 039 | Ty 0.63
Xoncos 022 | Pin 035 | Pout 031 | Xowcios -0.19
Maqcori 012 Pout 0.28 Porifice  0.09 Pin 0.10
Moicori 012 | Xoircror 022 Aporifice  0.07 Maqcori  0.10
Tsep 012 | titggoort 009 | Xoucior 006 | Poue 0.09
Xgasc1 ~ 0-09 Moucori <007 | Torifice  -0.05 | toucori 0.08
Xoilnca -0.07 Tsep -0.06 Tsep -0.03 Porifice 0.05
Xgasc2 -0.07 Xoiinca -0.02 XGasc1 0.03 Tsep 0.04
Mgas -0.06 Xoitncs -0.02 Tout 0.02 Aporifice  0.04
K

(62)* 1.00 0.98 0.73 0.92

i=1

Table 15 Top 10 sigma-normalized derivatives for selected performance parameters for the dry PR78 HV case

h, U ey Pr
Xi 0% Xi 0% Xi 0% Xi 0%
P 078 | Ty 061 | Py 068 | Tou 0.60
Pout 056 | Ty 059 | pin 032 | T4 057
Xeasci 027 | Pin 042 | Pout 023 | pim 0.12
Xeascs 017 | Pour 0.31 Porifice 0.11 Pout -0.10
XGascz -0.13 XGasc1 0.05 Aporifice  0.08 Porifice  0.09
Xgasnca 010 | Xgasc3 -0.04 | Torifice -0.06 | Aporifice 0.07
Xgascoz  -0.09 | Xgascz -0.02 | Xgasct 0.06 Torifice  -0.05
Tin 0.07 XGasnca -0.02 Xgasc3 -0.03 Xcascoz -0.02
Xcasica -0.06 Xeasica -0.02 Tin 0.03 XGasc3 0.01
Tout 0.06 Xasncs  -0.01 | Xgascz 003 | Xgasnca 0.01
K

Do) 107 1.00 0.65 072
=

Figure 31, Figure 32 and Figure 33 show the sigma-normalized derivatives for all input variables for the polytropic head
and mechanically and thermodynamically determined polytropic efficiency. This type of plot gives an excellent overview
of the dominant sensitivities of input parameters.
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5.3.2 Additional considerations

Water content in the oil phase often referred to as water cut, is a quantity that is always present in a multiphase test loop.
The water cut will vary based on the efficiency of the separation system, oil type, pressure and temperature. For
simplicity, no value for water cut, or its associated uncertainty has been included in the selected cases. As the wet case
investigated included injection of both oil and water, any extra uncertainty will typically be very limited. However, in a
pure oil injection test point, any water cut will have a substantial effect on thermodynamic calculations due to the large
enthalpy of vaporization for the water as compared to oil. Therefore, any water cut not accounted for will lead to a large
bias in the calculations.

Gas density is necessary for orifice calculations and compressor performance calculations. Uncertainties relating to gas
density have several sources: The main separator flash gives a gas composition that varies based on which EOS was used
for the main separator flash. This will result in a different gas density based on which EOS has been chosen. Furthermore,
different EOS gives different gas densities for identical compositions. This effect varies with pressure temperature and
composition, and no general statement can be made. The GERG equation of state has been shown to give very low
uncertainty for density, £0.1% (k = 2), given input parameters within the validity range of temperature, pressure and
compositions [44]. The GERG equation is limited to 21 available components. Examples of differences in gas density
and mass flow between different EOS are given in Table 16. Here, porifice and Morifice is the gas density and mass flow
calculated with the same EOS and polar components model as the main separator flash. Calculations of porificegerg and
Morificeerg> have been used by applying the resulting compositions for the listed choices of EOS and polar components
models, and the C6-C10+ pseudo components have been assigned to associated normal alkanes nC6-nC10, which are
available for GERG.

Table 16 Comparison of gas density and mass flows resulting directly from the selected EOS and gas using
GERG on the orifice conditions (composition, pressure, and temperature)

PR78 PR78 SRK  SRKHV
CPA HV CPA

Porisice [kg/m’] 50.98 5098 4987  49.87

Porificegerg [kg/m®]  50.20 5020 50.13  50.12

Topifice [kg/s] 37.36 3736 3695 3695

Mopificecerg [ke/s] 3707 3707 37.04  37.04

The differences in gas density and mass flows for the different EOS are obvious and it is important to note that these can
be much greater for other pressures, temperatures and gas compositions [45]. Hence it is recommended to use dedicated
instruments for measurement of gas density to assure reliable quality of gas density and mass flow estimates.

5.3.3 Summary

Uncertainties for wet gas performance parameters resulting from a wet gas test loop have been investigated. For
comparison, a dry gas case was included. The uncertainties were propagated using the MCM, and a sensitivity analysis
was conducted. The main results are:

- Compared to dry gas, significantly greater uncertainties were found for wet gas test results that rely on
thermodynamically determined enthalpies.

- Many of the performance parameters are highly sensitive to inlet and discharge temperature, especially those
relying on enthalpies.

- Additional uncertainties are expected for wet gas temperature measurements, as fluid thermal equilibrium may
not be fulfilled. It is therefore strongly recommended to include additional power measurements in wet gas
testing, e.g., torque meter or motor power measurements.

- For wet gas performance parameters that rely on enthalpies, the choice of polar components model is as
important as the choice of EOS.
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- As PVTsim Nova 4 cannot characterize programmatically, propagation of uncertainties through the
characterization was not possible. Thus, it is recommended that this effect be further investigated.

- The correlation resulting from the normalization of compositional data was exposed. This problem arises both
for the MCM and for step-change in the sensitivity analysis. This problem has not previously been exposed in
the context of wet gas compressor testing. Two approaches for sampling random compositional data were
proposed, one for gas and one for condensate.

- The benefits of direct gas density measurement have been exposed.

5.4 Fouling effects on wet gas centrifugal compressor performance

The background and methods for this chapter are outlined in section 4.4. A test matrix was chosen to investigate the
effect of fouling in wet conditions compared to dry conditions. To avoid substantial damage to the fouling layer, some
limitations had to be implemented to the test matrix. Consequently, only one speed line was chosen for the test campaign
and only five points were run per GMF for the fouled conditions compared with six points for the clean condition. The
test matrix is listed in Table 17.

Table 17 Test matrix

Parameter Data

Speed 9000 rpm
GMF 1/0.98/0.95/0.9
Flow Surge to choke
Condition Clean/fouled

The resulting polytropic efficiency versus inlet flow coefficient curves for the whole test matrix is given in Figure 34,
where the data points are given together with a second-order polynomial fit for all curves.

The general trend of decreasing efficiency for increasing liquid content, as well as the highly negative effect of fouling
on efficiency are evident. The strong effect of friction losses caused by fouling can be seen from the divergence of clean
and fouled curves of the same GMF as the flow is increased. It is interesting to note how all the clean curves have similar
shapes, and how all fouled curves have similar shapes with a steeper characteristic in the high flow region.

The polytropic head versus inlet flow coefficient is given in Figure 35. The decrease in the head for the fouled machine,
as well as the effect of decreasing head for increasing liquid injection, are seen in this plot. The same general trends as
for the efficiency curves are observed for the polytropic head.

The work coefficient versus inlet flow coefficient is given in Figure 36. The work coefficient is very similar for all curves
except GMF=0.90 which display a significantly greater work coefficient. Changes in the work coefficient can be assigned
to changes in the impeller discharge velocity triangles.
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Figure 34 Polytropic efficiency versus inlet flow Figure 35 Polytropic head coefficient versus inlet flow
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Figure 36 Work coefficient versus inlet flow coefficient.
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o]
Figure 37 Close-up of work coefficient versus inlet flow
coefficient, in the area of best efficiency. This plot makes
the shift between clean and fouled curves for the same
GMF visible. The illustration on the right shows an
example of impeller discharge velocity triangles for a

clean and fouled compressor.

Changes in the work coefficient can be assigned to changes in the impeller discharge velocity triangles. Several factors
affect the shift in work coefficient. Figure 37. shows a close-up in the area around the best efficiency point. Here, one
notices that the work coefficient for all fouled curves lies below the clean curves for the same GMF. This suggests that
the effect of increased area blockage for the fouled impeller, combined with the effect of increased evaporation caused
by increased friction losses dominates this region of the curve. Both effects lead to increased meridional velocity at the
impeller tip, thus altering the impeller discharge velocity triangles as illustrated in Figure 37.

5.4.1 Proposed model for the impact of liquid and fouling on compressor
performance

An attempt was made to create a model for correcting all efficiency curves to the dry clean curve. All calculations were

based on the second-order polynomial fits of the measured data.

By assuming the clean surface roughness to be R, = 2 um, an effective surface roughness (apparent roughness for the
compressor as a whole) for the fouled machine was estimated to R; = 31 um.

In the ICAAMC procedure, efficiency, polytropic work coefficient, work coefficient and flow coefficient are corrected
between test and specified conditions. The correction in flow coefficient is given by
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bop _ [Hsp
ol He

(60)

h hp, . . . . ", .
where pig, = PSP and U = ﬁ is the polytropic head coefficient under specified and test conditions, respectively. To
t

u?,
allow for a flow coefficient shift that better corresponds with the measured data, the following correction was used for
efficiency

Bop 1y 59

ne GMF fon ®1)

The best efficiency points found for all second-order polynomial fits were used to generate the regression coefficient of
1.029. Here, the specified condition sp was taken to be the clean and dry condition and the test condition t all the other
conditions. This correction is based on a limited data set and thus subject to some uncertainty. However, it will serve as
a first attempt.

First, the dry case was considered. The proposed model for the difference in loss between two conditions given by Eq.(56)
was applied

c
Nctean — Mfouted = (ffouled — fetean) (62)
Tfouled

Eq(61) and Eq.(62) was used to correct efficiency and flow coefficient, respectively at the best efficiency point. The
whole curve was corrected using the same values for efficiency correction and flow coefficient correction found at the
best efficiency point. The constant ¢ was tuned to get the best fit for the correction between clean and fouled condition
for the entire curve. The resulting corrected curves are given in

Figure 38.
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Figure 38 Correction from dry fouled to dry clean.

The resulting correction shows a reasonable fit between the clean curve and the fouled curve corrected to clean condition,
although some deviations are seen in the high-flow region.

For the remaining curves, i.e., wet curves of varying GMF clean and fouled, a continuation of this approach was
attempted. The idea was to incorporate a homogeneous gas-liquid mixture viscosity and the homogeneous density into
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the calculation of the friction coefficient. The Dukler homogeneous viscosity model [12] was applied. This model is
given by:

- Hg _p(*
Ui = Pm [GMF (p ) + (GMF — 1) (pz)] (63)

g

This homogeneous viscosity was used to calculate a new Reynolds number, based on homogeneous wet conditions, which
was then used to calculate a new Darcy friction factor. The Reynolds number in wet condition was given by

_ Ppmub
Hm

Rep, (64

Where p,, is the homogeneous model gas-liquid mixture density given by Eq.(7). The friction factor based on the
homogeneous viscosity was then used in Eq.(62). The same c as established for the dry curves was used. The resulting
correction from all conditions to the clean dry condition is given in

Figure 39.
0.85 T T T T
08
0.75
0.7
Loe
=, 0.65
= N
N
06 1
*—GMF=1.0 Clean
GMF=1.0 Moldel: Fouled ~> Clean;,
e GMF=0.98 Moldel: Fouled —> C\eanD'y
‘ ——GMF=0.98 Moldel: Clean —> Clean,,
GMF=0.95 Moldel: Fouled > C\eanuw
05 GMF=0.95 Moldel: Clean --> C\eaan
GMF=0.90 Moldel: Fouled > C\eaan
GMF=0.90 Moldel: Clean --> C\Eannry
0.45 L L ) L
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Figure 39 GMF adjusted ICAAMC similar method, utilizing homogeneous viscosity friction factor.

Overall, the proposed model does reduce the scatter in the efficiency curves. It manages to collect the curves for clean
and fouled conditions (of the same GMF) to a large degree, but it does not seem to correctly account for the effect of
different GMFs. However, by combining the model for the shift in performance between the clean and fouled conditions
given here, together with the proposed model for wet gas performance given in section 5.2, it is suspected that the
complete behaviour could be modeled.
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5.4.2 Summary

In the scientific literature, little has been written about performance deterioration caused by fouling in wet gas centrifugal
compressors. Therefore, this work represents a significant contribution to increased knowledge on the topic. The main
test results can be summarized as:

- Wet performance characteristics are heavily affected by flow path fouling.
- The shift in wet characteristics relates to flow capacity, polytropic head and efficiency.

- All clean performance curves (for one speed) have similar shapes to each other, and all fouled curves (for one
speed) have similar shapes to each other.

- The choke area of the wet performance characteristic is affected more than the surge area.

A first approach correction model for fouling in dry and wet conditions was developed. By applying the homogeneous
mixture density and a model for wet viscosity into the machine Reynolds number, a model linking the increase in friction
factor due to fouling to the efficiency drop was developed.

- The proposed model demonstrates the capability of correcting the shift in efficiency due to fouling in dry
conditions. It also manages to collect the curves for clean and fouled conditions (of the same GMF) to a large
degree, but it does not seem to correctly account for the effect of different GMFss.
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6 CONCLUSION

The current work includes theoretical considerations, analysis of experimental results and development of models relating
to the performance evaluation of wet gas centrifugal compressors. Several challenges relating to the performance
evaluation of the wet gas compressor have been addressed. These relate to the design phase, performance testing and the
operating phase.

The wet gas compression process is associated with a highly complex flow field. The wet flow interacts with
partly rotating and partly stationary parts. Furthermore, the flow is exposed to high velocities as well as very
high accelerations and decelerations. In this thesis, it has been documented that theoretical similarity between
different operating conditions in such complex flow fields is a challenging task and that a general solution
probably cannot be found. Consequently, Type?2 testing for wet gas compressors may be difficult to achieve.

However, a detailed analysis of test results from a two-impeller compressor has shown that by applying a novel
method for modelling wet gas performance, it was possible to collect data points obtained under different
operating conditions onto a “performance surface” with good precision.

It has been documented that the Monte Carlo Method is the recommended method for determining uncertainties
in a complex system, such as a wet gas compressor test facility, which operates on hydrocarbons under real
conditions. Furthermore, it has been demonstrated that somewhat greater uncertainties can be expected in wet
performance parameters compared to dry, but still within acceptable limits. By including a torque meter and a
gas density meter in the wet gas test facility, uncertainties of performance parameters can be reduced
significantly.

Fouling has been shown to have a detrimental effect on wet gas compressor performance. By building on the
well-established ICAAMC procedure for Reynolds number correction, a fouling correction model was
developed. The model linked the increase in friction factor due to fouling to the efficiency drop, where a
homogeneous mixture density and wet viscosity was included in the machine Reynolds number. The model was
capable of collecting the spread between clean and fouled efficiency curves for the same GMF.

The field of wet gas compression is relatively new, and a solid theoretical foundation is lacking. This thesis contributes
to increased knowledge of wet gas compressor performance and will thus contribute to increasing overall knowledge in
the field. The current work is a step toward developing test and evaluation standards that will help future projects. This
work could be an enabler for the choice of wet gas compression in future projects, by helping operators predict
performance change for shifting inlet conditions and by helping vendors design machines that will meet the design targets.






FURTHER WORK 57

7 FURTHER WORK

There is still much to learn concerning the performance of wet gas centrifugal compressors. Based on experiences and
findings that have emerged as part of this thesis, some recommendations for further work follow.

A recommendation for further work would be to rebundle the K-Lab compressor to include only one impeller and to run
a wet gas test at both NTNU and K-Lab on a geometrically similar impeller to investigate whether performance data
found at NTNU in water/air under ambient conditions could be transferred to real hydrocarbon gas/oil/water conditions
at K-Lab. For such a test, the NTNU compressor should be modified from an axial inlet to a radial inlet compressor. In
this wayj, it is possible to investigate whether test results obtained under ambient air/water conditions could be related to
realistic conditions in a similar manner as Type2 testing is conducted in ASME PTC10. Furthermore, if there are
limitations for when water/air can be compared to realistic conditions, these could be uncovered and documented.

Further investigation of the effect of varying viscosity is recommended to check if the method introduced in section 4.2
is still able to model the performance shifts between operating conditions. This could be done by expanding the
temperature range of the test matrix, and another possibility could be to test using oils with significantly differing
viscosity. Further analysis of methods to avoid overfitting when using the proposed method is also recommended.

It is recommended to perform an uncertainty analysis where the uncertainties of the characterization from plus to
characterized fluid can be included. This investigation requires PVT software where the characterization can be
performed programmatically. One example is the open-source software NeqSim. Further investigation of correlations
arising from the normalization of compositional data is also recommended. There are at least two issues that should be
investigated further. First, the appropriate method for estimating standard deviations of compositional data arising from
the gas chromatography of both gas and oil samples should be established. Secondly, the appropriate method for randomly
sampling compositional data for the MCM should be found.

The proposed fouling model demonstrated the capability of correcting the shift in efficiency between curves for clean
and fouled conditions (of the same GMF) to a large degree, but it did not seem to correctly account for the effect of
different GMFs. It is recommended to investigate if one could utilize a model of the type introduced in section 4.2 for
the wet performance shift and combine this with the fouling model. In this way, one should be able to capture both the
effect of fouling and the changing GMF'.
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APPENDIX A - EQUATIONS OF STATE, MIXING RULES AND FLASH CALCULATIONS

The theoretical basis for equations of state: Real gas equations of state are extensions of the ideal gas law PV, = RT.
In 1873, van der Waals proposed his famous equation of state which accounts for the volume occupied by the molecules
as well as intermolecular forces [46]:

. RT a 65
“Vo—b V2 (63)

Here the constants a and b are called the van der Waals Coefficients, where a is a constant for the attractive forces
between molecules and b is associated with the volume occupied by the molecules. These coefficients are estimated from
the critical properties of the fluid, T, and P,.. In 1948 the Redlich-Kwong equation of state was published [47]. This
equation was further developed and in 1972 Soave presented the Soave-Redlich-Kwong (SRK) equation of state [48],
which gives better results for vapour pressure both for pure substances and for mixtures, this equation is given as:

b BT a(T) o
" Vu—b V(U +b) (66)
Using the real gas equation, PV,, = ZRT, and letting
aP
RETT = A 67)
and
bP
RT (68)
it can be shown that the SRK equation can be written as:
73 —-7*4+Z(A-B—-B?*)—AB=0 (69)
Thus, the SRK is called a cubic EOS.
The coefficients for, a, and b are calculated as:
_ 0.08664RT,
ke (70)
a(T) = aca(T) (71

Where
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0.42747R2T?
c= 5
F. (72)
2
M=|1+m|1 T
a = m|1l— [~
T (73)
m = 0.480 + 1.574w — 0.176w? (74)

Here the acentric factor w is an empirical constant that is associated with the molecular deviation in shape from that of a

sat
sphere and is established by w = —1 — log;, (p )

c

T=0.7T,

As the SRK has some shortcomings when it comes to predicting liquid densities and the Peng-Robinson (PR) equation
was developed presented in 1976 [49], the PR equation is given as:

RT a(T)

L T ST A YTy

(75)

Similarly, as for SRK, it can be shown that the PR equation is also a cubic EOS.

Mixing Rules: For the EOS to be useful not only for pure components, it also needs to be able to handle phase equilibrium
for mixtures. To allow for the use of the EOS for mixtures, mixing rules need to be introduced to describe how the EOS
parameters can be expressed for these mixtures. One common mixing rule called the van der Waals mixing rule [50] is
given as:

a= ZZZiZjaij (76)
i

b= Zzzizjbu (77)
i

Where

ai]' = ,laiaj(l - kU) (78)
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b; + b;
by = : > - (79

Where k;; are the empirically determined binary interaction coefficients. For two nonpolar components, k;; is close to 0
for two polar components, k;; is close to 0, and for two components where one is polar, and one is nonpolar the k;; is
different from 0. One example is k;; for water-hydrocarbon, is typically 0.5. It is important to note that the only addition
to the pure component parameters, T, F,, w, is the binary interaction coefficients k;;. With the availability of these binary
interaction parameters and a mixing rule, the EOS can be used for mixtures.

The theoretical basis for the flash calculation: The isothermal flash is the flash of a composition taken at a specific
pressure and temperature. This is the most widely used flash.

Vapour

3

i

Figure 40 Basic two-phase Flash

The isothermal (P/T) flash problem has a unique solution that corresponds to the global minimum of the Gibbs energy of
the mixture. Although a unique solution is guaranteed, the number of equilibrium phases in the solution is not known in
advance and algorithms such as stability analysis for determining the number of equilibrium phases must be built into
the models [51, 52].

In a hydrocarbon vapour-liquid equilibrium flash where the stability test indicates two phases, the equilibrium constant
is given by:

ol
K =2=2 (80)
Xi @

Where y; and x; are the mole fraction of the i-th component of the vapour and liquid phase, respectively. By utilizing
this expression together with the material balance V + L = 1, where V and L is vapour phase fraction (molar basis) and
liquid phase fraction (molar basis), respectively one gets

K;z;

NI ®D

Vi
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T DV 1 (82)
and further utilizing the fact that £(y; — x;) = 0 one arrives at the Rachford-Rice equation [53]
F(V, Ky, Ky, o, K, -y _Wembm
(V. K1, Koy oo Ky 24,25, 0, 20) = K =DV +1 (83)
L

For a given set of K; values and feed composition values z;, Eq.(83) can be solved for V. One procedure for solving the
flash problem is then:

1. Guess an initial set of Ki
2. Find the V by solving Eq.(83)
3. Find the gas and liquid compositions from Eq.(81) and Eq.(82), respectively.

4. Find the fugacity coefficients ¢! and ¢! by a selected equation of state

5. Update K; = :’

~<

6. Repeat from 2 until K; converge

This method of direct substitution generally converges, and a method for accelerating convergence is given by Michelsen
[52]. For three-phase flash calculations including gas, oil, and water phase reference is given to the work by Michelsen
[52].





