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Background and ebjective

Current major challenges are related to efficient utilisation of existing infrastructure and
exploration of new fields in the MNorth Sea. Increased production of gas demands new field
development based on sub-sea production, including bulk separation and wet gas compression.
The wet gas compression represents an energy-intensive production segment in which limited
research has been invested, Specifically this relates to the wet gas compression fundamentals.
Wet gas compressors formea key element in future Morth Sea developments and it is of vital importance
to understand and develop a consistent know how basis for the dynamic behaviour under different
operating conditions. The model fundamentals will be based on investipations of typical subsea wet gas
COMPressor concepts

The following tasks are to be considered:

The objective is to form a consistent basis for a typical wet gas compressor behavior at different
dynamic operating conditions. Based on available data from literature a dynamic model
representing the wet gas compressor behavior should be developed.

Focus areas
1. Establish integrated wet gas compressor performance varation at different operating
conditions, including internal motor and bearing cooling flows.

2. Ewaluate and document Hysys Dynamic system functionality in order to model variation
in operating conditions,

3. Establish an optimum Hysys Dynamic model based on results from part 1 and 2, and
document compressor response at variation in gas volume fraction.
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Abstract

In this Thesis the Aspen HYSYS dynamic functiomeditwere explored in order to build a
dynamic Wet Gas Compressor model. In particular Alomation feature was used to
implement two different correction methods, intéghon and Wood’'s correction, that
accounts for wet gas impact on compression perfocmain dynamic-state. This was done
through the creation of a VBA script in Microsoftx¢el. The implementation of the
correction methods showed to be fast and effective.

The HYSYS dynamic model and the VBA script weredugeexplore the performance of the

compressor and the system under different operatmglitions including wet gas showing

that the total compressor power decreases whe@¥Wiredecreases. Additionally, the pipeline

inlet pressure signal registered a maximum ovetsbb®0% which seems to be acceptable.
The major drawback of the Wood'’s correction metiod can report higher efficiencies at

wet gas conditions than a dry gas conditions, wtighconsistent with experimental tests
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1 INTRODUCTION

In the offshore oil and gas industry is intendedpkace the production facilities as near as
possible to the hydrocarbon reservoir. However nesources are being discovered in more
remote places, deeper waters and challenging dimanditions. Therefore, the industry is
looking for new technologies that can unlock th&jlunow, stranded sources of energy.

In order to face this challenge one the most prmgisechnology developments is Subsea
Gas Compression (SGC). Whether is a new remotdigjds(green field) or a depleted gas
reservoir (brown field), SGC can extend the lifetlo¢ field and by consequence increase
revenues. Additionally, multiphase transport isstess be avoided by increasing the transport
pressure.

The idea of SGC goes back to 1985 when Kjell OlaneSsen presented the first known
sketch (Lima, Storstenvik et al., 2011) and nowadthere are three ongoing projects in
Norway: Asgard, Gullfaks and Ormen Lange. One efkly elements of these developments
is the compressor and a lot effort is put on cngaéi solid know-how basis on its operation
and correct performance prediction.

In this work, it will be presented a study of thgndmic behavior of subsea wet gas
compressor. The commercial simulation software H®SWill be used to build a
representative dynamic model of a typical Wet Gamnfression Train (SGCT). The
development will be based on an integrated motompressor or MOtor Plpeline
Compressor, MOPICO, (Gilon, 1991). The field ddtatthas been used is be based on the
Asgard field characteristics however the develapedel is slightly different.

In particular, the HYSYS dynamic functionalitieslvde explored in order to build a dynamic

WGC (Wet Gas Compressor) model that accounts far ges impact on compression

performance. The Automation feature of HYSYS wik lnsed in the dynamic-state to

implement two different correction methods: Intdgtion correction and Wood'’s correction.

After, The HYSYS dynamic model will be used to expl the performance of the compressor
and the system under different operating conditinookiding wet gas.



2 THEORY FUNDAMENTALS

In this chapter, it will be introduced the main dhetical foundations that support the work
carried out. It will be briefly presented the ekigtcompressor types with special emphasis on
the centrifugal compressor. Focus will be also@uicompressibility phenomenon’s such as
surge and stonewall, and different approaches totrifugal compressor performance
analysis including wet gas compression.

Additionally, it will be explored the basis in pess control theory and the principal
compressor control systems. At the end of the @naatshort introduction is made on electric
motor and drivers and control theory

The content of this Chapter is rather wide asiéstto cover all the topics of the Thesis. For
more specific review of each matter the readedissad to consult (Bequette, 2003; Lidtke,
2004; Forsthoffer, 2005; Peng, 2008; Saravanamut@aden et al., 2009; Romagnoli and
Palazoglu, 2012).

2.1 Type of compressors

In the industry there are a vast number of compresgpes with different characteristics and
principles. However, they can be grouped in twomgioups: 1) positive displacement
compressors and 2) dynamic compressors.

Positive displacement compressors work under thecipte of increasing the pressure of a
gas on a fixed volume or confined space. The cheniatics of these types of compressors are
fixed volume, variable pressure capability in terofienergy or head, and not self-limiting.
This means that the compressors will stall unlegg\ace to limit the pressure in included.
Examples of these types of compressors are (Fdrsth2005)

* Reciprocating

* Sliding-vane

* Rotary-liquid piston
* Rotary lobe

* Screw

On the other hand, dynamic compressors use rothtadgs to increase the pressure of the
gas by increasing its velocity. The performanceaoflynamic compressor is essentially
determined by the inlet conditions of the gas, hfede tip speed velocity and the relative
velocity of the gas between the blades. Two tygedynamic compressors are (Forsthoffer,
2005):

» Centrifugal
* Axial

Different from positive displacement compressang, dynamic compressor has fixed energy
capacity or head for a given (variable) suctiorunoé flow and its performance curve is very



different from the positive displacement curvese Higure 2.1 shows a comparison between
both types of compressors.
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Figure 2.1 Performance curve for positive displagehand dynamic compressor
(Forsthoffer, 2005)

2.2 The centrifugal compressor

As mentioned in the previous section, the centafwpmpressor increases the pressure of the
gas by increasing its tangential velocity. There ®avo main components of a centrifugal
compressor, impeller and diffuser. The impellemeunted on a rotating shaft and placed
inside of a stationary casing. The diffuser, igtdf diverging passages which surrounds the
impeller (Forsthoffer, 2005; Saravanamuttoo, Coéeal., 2009). The gas is sucked into the
compressor by an inlet nozzle which avoids shockudsulence and routes the gas to the
impeller. In the impeller, the gas increases iggné&evel by increasing its velocity. Next, the
gas goes through the diffuser which deceleratesgtse by increasing the radial area and
converts the kinetic energy of the gas in statespure. The Figure 2.2 presents the cross

section of a centrifugal compressor.

RETURN VANE

DIFFUSER

IMPELLER

INLET

Figure 2.2 Centrifugal compressor cross sectiomsthoffer, 2005)



In a single-stage compressor the compressed gesslélae diffuser through a volute casing

which collects and directs the gas to the dischaapzle, see Figure 2.3. The volute has the
functionality of further reduce the velocity of tigas and gain additional static pressure. In a
multistage compressor, the gas leaving the fifftgkr goes to a return vane and a return
channel which route the gas to the next impelldterAthe gas has passed through the last
diffuser it is finally routed to the discharge vtdu

DISCHARGE
VOLUTE

RETURN
CHANNEL

RETURN BEND

b,

v/ =
.,

Figure 2.3 Centrifugal compressor (Lapina, 1982)

A compression stage usually refers to the comhmnaif an impeller, a diffuser, a return vane
and return channel; while the term compressor aecatfers to a combination of stages. In
this work, we will refer to impeller also as comgsmn stage.

2.3 Compressor phenomena’s

Shock waves

In centrifugal compressors, shock waves can octienvthe velocity of the gas relative to the
surface which it is moving approaches the speedooind in the fluid (Saravanamuttoo,

Cohen et al., 2009). In this case the Mach nundssr Equation 2.1(Lapina, 1982), is close to
the unity.

%4 2.1

JkgZRT

M, =

The shock waves inside the compressor can causebflsakdown and rapid increment of the
internal losses. It is then of high importance dket care of the Mach number, both at the
impeller tip and at the leading edges of the défus\s a rule of thumb, the Mach numbers
can be restricted to around 0.8.

Surge

Surge is a periodic phenomenon produced by theaictien between the compressor and the
system. It is a result of flow separation origimhtey low gas velocity anywhere in the
compressor. It could be at the inlet guide vane, ghction section of the impeller, in the
middle or discharge of the impeller or even atdiffuser.



At surge conditions the compressor is not ableciwegate the head required by the process
system, see Figure 2.4. The theoretical surge flomt can be calculated by Equation 2.2.
However, the exact location of the surge point carve predicted due to manufacturing
tolerances and specific characteristics of the ¢esgor and the system (Tveit, Bakken et al.,
2005).

aHP] 2.2

Q1

Some of the consequences are that back flow cam,opessure turns unstable, noise and
vibrations increase producing damage due to mecahmitress. Additionally, the rapid
movement of the gas moving back and forth insidgedbmpressor generates large quantities

of energy which increase the temperature of thev.flelence, the compressor is more
susceptible to thermal stress (Forsthoffer, 2005).

The impact of surge varies from one applicatioratmther and it is more severe in high
pressure system and in process gases with highcolateweight. In compression process
working with low density gases, as hydrogen fortanse, the mechanical damage due to
surge might remain hidden and is detectable onlsinduphysical inspection. Several
characteristics of surge are (Forsthoffer, 2005):

* Itis a high speed phenomenon. Back flow might leagps less than 150 ms.
* Reversal rate is from 30 to 120 cycles/sec.

» Pressure turns unstable.

* Noise and vibrations are generated.

* Rapid increase of temperature.

» Compressor could trip.

* The severity varies with the application.

Rotating stall

Rotating stall is another important compressibiitiect which can cause instabilities and bad
compressor performance. It can generate surgednualso appear in normal stable operation
range. Rotating stall in the product of non-unifdiaw or geometry between vanes or blades
and it passes from channel to channel. It couldeaerodynamically vibrations and hence
fatigue failures (Saravanamuttoo, Cohen et al.9200

Stonewall (Choke)

Stonewall is also referred as choke and it is @efias the maximum volume flow that the
impeller, o compressor, can handle, see FigurelRid4.generated by an excessive volume
flow (proportional to the gas velocity) through tingpeller. At this condition, the gas velocity

at the impeller inlet tends to the sonic velocibddhe relative Mach number is equal to the
one.



Stonewall it is not a damaging phenomenon but nistaints the energy delivery of the
compressor and it affect the overall process. BExpampressors connected to pipelines have
to produce large amounts of head and stonewakng eritical in this case. However, in low
pressure systems the compressors could be opatattzhewall conditions.
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Figure 2.4 Typical compressor map showing surgechoéte lines. (Razib, Hasan et al.,
2012)

2.4 Performance relationships

The performance of an existing compressor can ééigied based on several parameters that
relate basic fluid dynamics with the geometry o tmachine. In this section, it will be
described the use of compressor maps and the leal-€ah laws.

2.4.1 Performance characteristics

The performance characteristics or so-called cosgmremaps are used to relate the different
compression parameters by using non-dimensionabatsn In (Saravanamuttoo, Cohen et
al., 2009) it is shown that when the gas compasiaod the impeller diameter are both

constant the Buckingham Pi theorem can be usehdofdur non-dimensional numbers that

describe the performance of a centrifugal compresso
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By using these numbers it is possible to plot tefggmance curve of the compressor. The
curves can be used then to predict the behavitimieotompressor under different conditions

and implement the corresponding regulation methods.

Moreover, for a better understanding the tempeeatatio can be expressed in terms of the
adiabatic efficiency. So often the performance earare expressed in terms of pressure ratio

and adiabatic efficiency versus,/T,/P, with N/\/T; as parameter. A typical compressor
characteristic curve for a centrifugal compressahiown in Figure 2.5 and Figure 2.6.
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Figure 2.5 Typical pressure ratio curve for a gargal compressor (Saravanamuttoo, Cohen
et al., 2009)
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Figure 2.6 Typical efficiency curve for centrifugadmpressor (Saravanamuttoo, Cohen et al.,
2009)

Additionally, the performance curves can be exm@ss terms of head vs. suction volume
flow in order to take into account changes in igias temperature, inlet pressure or molecular
weight. In this work, such types of curves are used

2.4.2 Fan laws

The fan laws or similarity laws relate differentmadimensional parameters and can be used
to predict the performance of a machine operatmgeu different conditions. They can also
be used to predict the performance of other gearaélir similar machines operating at the
same conditions (Peng, 2008).

In order to apply the similarity laws all the limedimensions of two compressors have to be
in constant proportion and all the angular dimemsiare equal for every element of the
compressors. Also, the flow patterns need to bedinge in both cases (Peng, 2008).

The fan laws directly relate the suction volumewflampeller diameter, rotational speed,
compressor head and compressor power:

0% _ Q 2.4
Do3 - N, Dn3 © Ny
H, =~ H, 25
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In particular, in compressors and identical impslidiameters:

% _ O 2.7
N, N,
H, _H, 2.8
N> N,?
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2.5 Compression analysis

In this section it will be presented three diffarémermodynamic approaches to estimate the
compressor performance.

2.5.1 Isentropic analysis

In an isentropic process the change of state exiad@ted by:

pv* = constant 2.10

When applying the ideas gas law the relation betweessure and temperature becomes:

k
Ez (&)m 2.11
T, P1

The isentropic head, Hs defined by:

2s 2.12
H, =f vdp

1

In order to solve the integral it is necessary ¢sume the isentropic exponent as constant
when applying combing with Eqg. 2.10. The isentrdmad is then given by:

k 2.13

Hg = k—1 [p2v25 — P1v1]

The isentropic head equation can be al re-writieagplyingpv = ZRT:

H; =

k-1 2.14
Z,RT, ]

<&)T _1
P1

k-1



The isentropic efficiency is then defined as th@oraf the isentropic head to the total actual
head:

_Hs 2.15
s =4

The total compressor power is then defined as:

H
P=H.m=m_5 2.16
MNs

2.5.2 Polytropic analysis

In a Polytropic process the change of state isrohéted by:

pv™ = constant 2.17

When applying the ideas gas law the relation betweessure and temperature becomes:

Ty P1

The polytropic head, is defined by:

2 2.19
H, = fvdp
1

In order to solve the integral it is necessary ¢sume the polytropic exponent as constant
when applying combing with Eq. 2.17. The isentrdmad is then given by:
n 2.20

Hy, = n_1 [p2v2 — pyv4]

The polytropic head equation can be al re-writtemplyingpv = ZRT:

H,A =

P n-1

n-1 2.21
Z,RT, ]

<&)T _1q
P1
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The polytropic efficiency is then defined as theaaf the polytropic head to the total actual
head:

H, 2.22

nng

The total compressor power is then defined as:
P—" 2.23
Mp

The polytropic head exponent can be calculated thighEq. 2.24 when considering ideal gas:

n—-1 1k-1 2.24

2.5.3 Schultz analysis

The Schultz analysis is based on the polytropidyarsahowever it considers two individuals
polytropic exponents, polytropic temperature expbonand polytropic volume exponent
(Schultz, 1962). In particular the polytropic volemxponent defines the change of state:

pv™ = constant 2.25

The polytropic temperature exponent and the pagbytrovolume exponent, at constant
efficiency, are defined as:

- 1 2.26
e 1B (D)
T \op -
W _i<5_p) 2.27
v Tp\sv 1

In this analysis, two additional compressibilityw@tions, X and Y, are added:

X_T(5v) 1 2.28
v \6T/,
) .
Y=_g<_v) 2.29
v\ép/,
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Furthermore the polytropic exponent can be expdesseterms of the compressibility
functions:

1+X) 2.30

T

n, =

k—1\/1 2.31
nT—lz( k )(%-}_X)Y
o A+ X2

Similarly, the polytropic head can be calculatedewtsolving the integral given by the Eqg.
2.19. However, the Schultz procedure includes aection factor f to take into account the
changes in the polytropic volume exponent alongctimapression path.

n
Hy = fn,,—il [p2v2 — p1v4] 2.32
The polytropic head equation can be al re-writtemplyingpv = ZRT:
., D, "1;1‘1 2.33
H, = Z\RT (=) 7 -1
= | (2) 1]

The polytropic volume exponent can be calculatati@given discharge conditions as:

i (22) 2.34

. @)

The polytropic head correction factor is defines as

hys — hy 2.35

f=—
1%

k,—1 (P2V2s — P1V1)

Where the isentropic volume exponent is defined as:

K zg 2.36
Or as:
- In (%) 2.37
b=
In (vv—zls)
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The method of calculating the average propertiekfoX and Y, is not specifically defined
and its calculation will directly influence the pemmance estimation (Hundseid, 2008)

Finally, the polytropic efficiency is also given:by

H, 2.22

2.6 Wet gas compression

The understanding of wet gas compression compramisy phenomenon’s that are not
present in single phase compression. In multiplcasepression the interaction between the
phases in terms of mass, momentum and heat exchaogé&ibute to the compressor

performance. Interest on this matter is rapidlyreasing due to represent one of the key
elements in the development of subsea wet gas essgns. The cited works present an
extend study of this matter based on actual lats:t¢Brenne, Bjgrge et al., 2005; Brenne,
Bjorge et al., 2008; Hundseid, Bakken et al., 2008)

The liquid content in the gas phase has a sigmficapact on the compressor aerodynamics
and thermodynamics of the fluid. It is possiblefitml: mass and heat transfer (evaporation
and condensation) even at the same time, liquichiamient and deposition in the gas phase,
and liquid film formation (Hundseid, Bakken et &Q08). All this effects are present at the
same so it makes difficult the development of adrperformance prediction methods.

The consulted references have shown through expetahdata that the specific polytropic
head decreases as the GVF decreases and the tigoient increases in the gas phase.
Likewise, experiments have reported that the popytr efficiency also decreases as the GVF
decreases. Therefore, prediction of the comprgssdormance under wet gas conditions is
extremely important. In this work, available reabtt data have been used to predict the
necessary compressor characteristic curves undegagseconditions.

2.6.1 The single fluid model approach

In the case of wet gas compression, it is possiblase a single-fluid model as expressed
below. The multiphase polytropic exponent can beutated as:

in (B2) 2.38

Npp = —5——~
VUmp1
Ump2

The multiphase polytropic head is the given by:

Nmp 2.39

H —_
Ny — 1

pmp — [szmpz - plvmpl]
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Where the multiphase specific volume is defined as:

o 1 2.40
™ " GVFps + (1 — GVF)p,

And the Gas Volume Fraction is:

GVF = 2 2.41
Qg + Ql

This approach is used for HYSYS when liquid is pre#sn the centrifugal compressor unit.

2.7 Introduction to control theory

In Dynamic simulations, as in the actual processraons, the control design of the process
is a key element which needs special attention. dresent section is not intended to be a
deep review of process control but just and overnoeéthe most important concepts that are
needed for a clear understanding of the dynamiceindeveloped in this thesis. For a full
review of process control the reader is advised¢dosult (Marlin, 2000; Bequette, 2003;
Romagnoli and Palazoglu, 2012).

Process Variable

The Process Variable (PV), also referred as cdattolariable or output variable, is the
variable that needs to be controlled in the processystem. The process variable is closely
related to the process product specification, mecafety or specific operating conditions.

Set point

It is the desired value for the controlled variable

Error signal

It is the difference between the set point andcilreent value of the process variable, at any
time t.

Steady-state offset

Offset is the difference between the steady-staleeg of the set point and the process
variable. In most processes, the steady-statetasfsequired to be zero.

Operating Variable

The Operating Variable, OP, also referred as maaiipd variable must be a process variable
which can be changed independently making the clbedir variable to achieve its set point.
The manipulated variable should have enough rahgewerage, e.g. % valve opening, so it
can bring the process variable to its set poineuntforeseen system disturbances.
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Disturbances

Disturbances are events that affect the procedemyand make the controlled variables to
change from their desired values or set points.s&@hevents or disturbances cannot be
changed or manipulated therefore the control systeonld be able to handle all the potential
disturbances and return the process variablestogét points.

Overshoot

The overshoot can be defined as the difference detvthe highest value of the process
response and its steady-state value. In sometiiterd is referred to the manipulated variable
(Marlin, 2000) while in others for the controllecanable (Bequette, 2003). Often, it is
expressed as the ratio of change (overshoot rafighe highest value to the steady-state
value.

Open loop control

In an open loop control, the corrective action edenperiodically according certain principles
such as statistical data compilation of the progesigble values. In this case, the value of the
measured variables is displayed to the operatorig/able to manipulate directly, by a use of
controller or by hand, the final control elemeng.ea valve (Marlin, 2000). A typical open
loop control process is shown in Figure 2.7. In ¢ipen loop control the controller sets the
input to the process without any feedback frompiteeess variable.

CONTROLLER

INPUT ol PROCESS CUTPUT
Control Yahe

[ R ——

Figure 2.7 Typical open loop control system (Aspechnology, 2011)

Closed loop control

A closed loop or feedback control uses the procesgput as input signal to the controller
which, according the given algorithm, computes rbguired action to apply to the control
element. The function of the closed control loopoisnaintain a small deviation between the
controlled variable and the specified set poinaljusting the manipulated variable (Marlin,
2000). The Figure 2.8 shows a typical closed lommrol system.
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Figure 2.8 Typical closed loop control systéhspen Technology, 2011)

Proportional control

In the proportional algorithm the control actiong.e% valve opening, is proportional to the
error signal. As the error increases, the adjustroéthe operating variable also increases,
and vice versa. The P-only algorithm can be writen

OP(t) = OPss + K.E(t) 2.42

Where:

OP;g, bias. Initialization term
K., process gain
E(t), signal error

Although the proportional controller can damp o scillations of the process variable
under disturbances it cannot reach a zero steatky-stfset in a feedback control system. This
is one of the major drawbacks of the P-only cofgrand it should be considered only when
a quick response is desired or in systems wheaglgteffset are not important.

Proportional Integral control

The Proportional-Integral (PI) controller is able tlampen out the process variable
oscillations but also the return it to its set painus achieving zero steady-state offset. The PI
controller includes both a proportional and inté¢gam, see Equation 2.43.

K. )
OP(t) = K.E(t) +7ifE(t) 2.43

Where:
T;, integral time

The integral time, T is defined as the time taken for the controlletpat signal to move an
amount equivalent to the error. As it can be seem fthe Equation 2.43 the integral action
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will decrease when the integral time increases, thedopposite. It is important to take into
account this fact due to large reductions in irdegyme (increasing the integral effect) will
prolong the response time.

The drawback of this controller type is that th@aiyic response is slower so the oscillation
period is higher. This makes the process variabtake more time to stabilize in comparison
with the Proportional controller. A graphic compan between both controllers response is
shown in the Figure 2.9. If it is tuned impropethye PI controller could cause system
instabilities.

‘itlpnim\‘

PI Control

w(t)

! P-COnly Control

L._.limt'
Figure 2.9 Proportional and PI control responseéhsTechnology, 2011)

The PID control

The Proportional-Integral-Derivative (PID) algonthadds and derivative term which can
reduce the natural period of oscillation in comgami to the PI controller, see Equation 2.44.
The derivative term of the PID controller offersthossibility to anticipate the direction of
the error and act quicker than the P- or PI- cdleiro

dE (t) 2.44
dt

K.
0P(D) = KE® +7F f E(t) + K.T,

Where:
T,, derivative time

The derivative time, 4, is defined as the time required for the proposicaction to reach the
same level as the derivative action (Aspen Teclgywl@011). The integral term does not
affect the final steady-state value of the errdribgives a quick response based on the rate of
change of the process variable (Marlin, 2000). tdetize response time of the PID controller
can be compared to the P-controller. The Figuré 8hbws a comparison between the answer
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of the Pl and PID controller. Note that PID respopsesents less oscillation while achieving
the same steady-state value as the PI controfies, adffset.

Pl Contral

Setpoint

¥ty PID Contral ¥

£, time

Figure 2.10 Pl and PID control response (Aspen fieidyy, 2011)

2.8 Compressor Control

During compressor off-design operation the inlendibons are not equal to design and by
consequence the compressor performance is affethedefore, it is necessary to implement
regulation or control systems in order to mitigatssible undesired effects and operate under
the process specification. There are many provesharmesm for compressor control: variable
speed, suction throttling, adjustable inlet guidees, adjustable diffuser vanes and/or bypass
regulation (discharge throttling). Among them, tb&tional speed control is implemented in
most processes due to its high capabilities.

Additional to operation regulation methods it ispontant to protect the compressor from

unforeseen situations like power shortage whichlead the compressor into the surge area.
In this case, an anti-surge control system cannfjgeimented as safety barrier in order to

prevent the compressor going into surge area.

In the following sub-sections it will be describe main features of the compressor speed
and anti-surge control. For a total review of otb@mpressor regulation methods the reader is
advised to consult (Lapina, 1982; Ludtke, 2004 sHwffer, 2005; Peng, 2008).

2.8.1 Variable speed

When controlling the compressor speed it is possibl operate in such way that it only
produces the necessary head which conduces toedyatigh efficiencies at part load. In the
same way, it is possible overload operation by ajoey above the design compressor speed.
In multistage compression running on the same shhfthe compressor stages or impellers
are driven at the same speed. This entails amsntrielation between the compressor speed
and the head capacity and efficiency of every stage
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In industry operation the compressor speed is t&ljussing a Variable Speed Drive (VSD).
The great flexibility and large operability rangietiois control mechanism makes it wide used
in the industry and it is a key element in subggaieations.

The speed control is based on varying the synclumspeed of the stator magnetic field. The
speed of the field is given by:

120
n=22Y
p

2.45

Where:

f, Supply frequency

N, Synchronous speed

p, Number of magnetic poles

Since the number of poles must be an even intégemhest approach to speed control over a
wide range is to provide a variable-frequency sygidughes, 2006).

2.8.2 Anti-surge

As mentioned before surge is a cyclic or periodiempmenon due to the interaction of the
compressor with the system hence it will alwaysuo@nd it cannot be totally eliminated.
However, it is possible to avoid it by a so caléedi-surge control. In an anti-surge control a
fraction of the discharge flow is re-circulated aseht back to the compressor inlet (see
Figure 2.11).

An anti-surge controller, normally a Proportionakelgral (PI) controller, determines the
operating point of the compressor and its positith respect to the control line. If the

operating point is between the surge and contnel, lihe controller activates the recycle flow
by means of the anti-surge control valve. In thesywthe suction volumetric flow increases
and the operating point is moved to the right ef ¢ontrol line (see Figure 2.12). The control
line is typically 10 to 15 % of the surge line litutaries with the size of the compressor.

The upstream and downstream flow transmitter, presgransmitters and temperature
transmitters send a signal to the anti-surge cbetravhere it is analyzed. The controller
normally uses a polynomial equation to approachctiv@rol line and determine the set point
using the inlet and discharge pressure. The seit,pohich lies on the control line, is then
compared to the operating point and the contraggrds a signal to close or open the control
valve. Depending of the operating conditions, thmpressor can move towards the surge line
in fraction of seconds. Therefore the control medra, including transmitters, logic solver
and actuators must be fast enough to avoid surging.
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controller

Polytropic head (m)

Figure 2.11 Typical anti-surge control system
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Control line
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Figure 2.12 Typical compressor operating map
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3 SUBSEA GAS COMPRESSION

The main benefits of subsea gas compression cothpargaditional platform compression
can be listed as (Bjerkreim, 2004; Lima, Storstkmtial., 2011):

* Increase recovery. Since the boosting is placeskeclto the production wells it has a
higher positive impact on production which can bentained longer.

» Lower capital cost.

» Potential reduce of operational cost.

» Due to its unmanned character it can be consicaseshfer than topside activities.

* Less environmental impact. SCS are expected tortadlex and lighter than offshore
platforms.

* Reduce flow assurance problems due to higher taahppessure.

3.1 Subsea Gas Compression station main components

Despite the common believe subsea gas compressioatia young technology but it has
been developed for many years. The first idea bésa compression was presented by Kjell
Olav Stinessen in 1985 (Lima, Storstenvik et &11):
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Figure 3.1 First sketch of subsea gas compreskiora( Storstenvik et al., 2011)

Since then, several prototypes have been developgleémenting different approaches with
respect gas liquid separator, electric motor anehpressor integration, configuration and
marinization of topside components. The currenfgats for subsea gas compression are
based in two different visions. The first and deais concept uses two phase upstream
separation and further single phase compressiobaosting. The Asgard and Ormen Lange
projects belong to this type of subsea gas comipres®n the other hand, the Gulfaks project
belongs to a more novel concept where the wellastres compressed without prior
separation. This last ends in a development wigahare compact and tolerant to gas liquid
content.

The Table 3.1 summarizes the main features of liheetcurrent projects for subsea gas
compression (Skofteland, Hilditch et al., 2009; [@2ayBakke et al., 2010; Hjelmeland, Olsen
et al., 2011, Lima, Storstenvik et al., 2011; Stag912).
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Table 3.1 Characteristic data from the current salggs compression projects

Project Asgard Ormen Lange Gullfaks
Characteristic
Country Norway Norway Norway
Planned start-up 2015 2016 2015
Design lifetime 30 years 30 years 20 years
Water depth 250—-325m 850 m 135m
Step out 40 km 120 km 15 km
Design gas flow raté 25 MSrd 60 MSni/d 11 MSmi/d
Additional gas 30 billion Sn? gas 30-50 billion S | 2.5-3 billion S gas
recovery gas
AP 60 bar 60-70 bar 30 bar
Design pressure 210 bar 255 bar 30 bar
Max. LVF into 0.46 API standard 0.25-1.92
compressor
Number of trains 2 + 1 spare 2 2
Compressor power 2x11.5 MW 2x12.5 MW 2 x5 MW
Structure size 75mx45mx20m 60mx38mxl? 34 mx20mx 12 m
Structure weight 4 800 tons 3300 tons 950 tons
Type and number of 2 integrated motor | 2 subsea + 2 onshore 2 multiphase axial
COMPpressors centrifugal vertical integrated counter-rotating

compressor motor centrifugal compressors
compressor
Type and number gf 2 centrifugal 2 subsea + 2 onshore
pumps multistage none
centrifugal liquid
pump

Type and number gf 2 anti-surge + 2 after 2 anti-surge passive 2 passive after
coolers passive coolers coolers coolers
Type and number of 2 two-phase vertical 2 two-phase vertica none
separators separator-scrubbers separator-scrubbers
VSD and Topside VSD Subsea VSD Subsea VSD
Power distribution Asgard A platform Nyhamna (oms) | Gulfaks C platform

" Per compression train

In this work, focus is put on the first and claasitype of developments for subsea gas
compression. In Figure 3.1 it is shown a clasdrfaD of for a SGCS. The well stream (gas,
condensate, water, and other production fluidsyawéed into the gas/liquid separator where
the phases are separated. The gas volume fracBuir)(entering into the compressor is

dependent on the efficiency of the separator. gdseis compressed while the liquid pressure
is boosted by the pump. Subsequently the compregasdand the boosted liquid are

transported together through the transport pipefnthe host facility, onshore or offshore. A

typical anti-surge control loop is included in tRED.
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Figure 3.2 Typical PFD for subsea gas compression

The main components of the SGCS are: wet gas orcgaspressor, liquid/gas separator,
pumps and coolers. Additionally, electric composesuch as VSD and voltage transformers
are of high importance. Following, it will be shgridescribed the key features of main
components in the PFD and some of the existingprpes.

Compressor

The compressor is the principal components of tBES and it has to be developed in such
way that offers high reliability. Intervention pexdtures for maintenance imply high cost and
production lost due to shut-down therefore it iteimded to design a more compact and
simpler compressor than topside. It is intendedisoard non-essential components and some
of the developments compromise active magneticimgand motor integrated compressor.
These new configurations area able to decreaski¢ia®m Time Between Failures (Baggerud,
Sten-Halvorsen et al., 2007).

Another concern in subsea gas compression is thestoess of the compressor and its
flexibility under different operational condition§he compressor must be developed in such
way that it can stand wet gas if the upstream séparis not very efficient. Therefore, there
is a strong interaction between the upstream separafficiency and the compressor
performance.

It is also necessary to take into account the weaid size of the compressor in the
development phase in order to reduce the envirotah&ot print.

The Asgard compressor is based on the motor irtyreompressor philosophy where the
compressor and motor are hermetically sealed instrae casing. The integrated motor
compressor concept is explained more in detaieatien 0. The Ormen Lange compressor is
based on the same concept but with the differelmaethe arrangement is vertical, reducing
the footprint, and a sea water cooler is used ¢ down the motor cooling gas.
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As mentioned before, the Gullfaks project appliem@e novel technology where the well

stream is not processed before compression. TheG&gtCompressor (WGC) is based on a
counter-rotating principle and the mechanical desgydivided in three main parts: upper

electric motor, compressor section and lower aeatiotor (Hjelmeland, Olsen et al., 2011).

In Figure 3.3 and Figure 3.4 is shown the comprepsototype for the Ormen Lange and
Gullfaks project, respectively. For a full revisiaof the different subsea compressor
prototypes please refer to (Baggerud, Sten-Halwoeteal., 2007; Brenne, Bjorge et al.,
2008).

Figure 3.3 Ormen Lange: Integrated motor compresasing (Skofteland, Hilditch et al.,
2009)

Figure 3.4 Gullfaks: Wet gas compressor prototyg@@¥000 (Hjelmeland, Olsen et al.,
2011)
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Separator

As mentioned before the separation efficiency @asir of the compressor is extremely

important for the performance of the compressor @rtie system as a whole. The separator
must be designed to provide a high a constant GViEhé compressor. This enhances the
compressor performance and avoids rapid deterworati the compressor impellers and other
components. There have been different developmansibsea gas/liquid separator; from

traditional vertical gravity vessels until compadine cyclonic separators.

A typical subsea separator for sub gas compresgpiications is shown in the Figure 3.5.
This separator is the one developed for the Aspeojbct and it works as a bulk separator and
scrubber at the same time. Also, it is able to leasdnds and slugs; slug buffer volume is
12.5 nt. This type of separator is based on a Statoilnpetespinlet inlet arrangement and
axial flow cyclones. The flow is distributed in $uway that liquid in guided downwards on
the separator wall while the gas is routed upwardbe center of the separator. This special
design is very robust and efficient.

Figure 3.5 Typical subsea separator and interrés pa

Pump

The pump is the most mature technology of all tB&€S’ components. Subsea single phase
pumps, multiphase pumps and hybrid pups have bensvely used in the offshore
industry and are available on the market. In pplesithe required pump in the SGCS could
be a single phase pump but the possibilities of eggsainment in the liquid phase would
affect its performance. Instead, multiphase pungosgdcbe used. Again, the pump selection is
dependent of the separation efficiency upstream.
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The majority of the available pumps are based io thfferent principles: 1) positive
displacement and, 2) rotodynamic pumps. Twin-scpaamps belong to the first category
while helicon-axial and centrifugal pumps belongthie second. The Table 3.2 summarizes
some of the main features of these pumps:

Table 3.2 Subsea boosting pumps characteristics

Helico-axial pumps Twin-screw pumps
Limited AP at high GVF High\P at high GVF
Robust for solid materialsHighly affected for solid
handling materials
Extensively used in theNot totally proven in subsega
industry applications
Potential leake through the
screws

Coolers

In a SGCS there are several alternatives of whengosition the subsea coolers, e.g, inlet
cooler, anti-surge cooler, outlet cooler (not shawrrigure 3.2). The number of coolers is
specific for every system configuration and probkestution. For instance the anti-surge loop
could be route upstream of the inlet cooler. Thpiaom eliminates the necessity of the anti-
surge cooler. The outlet cooler might be also idetlito eliminate the potential of pipeline
deterioration due to thermal stress.

In a subsea environment is natural to use sea \@aténe cooling medium and avoid using
other process utilities which might complicate #ystem configuration. The decision to be
made then is whether to use active coolers oryassiolers based.

In passive cooling, the pipes are in direct conétht the sea water and the heat exchange is
based on purely natural convection. It offers highability due to no active components
(e.g., sea water pumps) are included but it hasgdirons in terms of controllability. Also, the
thickness and material of the wall pipes constrdnatheat exchange.

Active coolers are based on the shell and tubeemirand it can be controlled by means of
the sea water pumped into it. The inclusion of vactpumps brings reliability, power
distribution and configuration challenges (LimagiStenvik et al., 2011). The final selection
is subjected to the overall system integration.

3.2 Integrated motor compressor

The integrated motor compressor is now an availdbthnology which can simplify
enormously the compressor configuration as welthtoease the process safety. The first unit
of this type was commissioned in 1991 and has prdwebe both economical and reliable
(Gilon and Boutriau, 1998). Since then, severalgiypes have been commercialized and
current developments combine high-speed electmodbrs and active magnetic bearings.
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In the new developments, traditional oil bearings be replaced by active magnetic bearings
while the high speed motor eliminates the gear e&dd run the centrifugal compressor at
optimum speed. It is eliminated the need for caplitilities to cool the compressor motor

due to part of the process gas is used as cooldsg Additionally, the compressor and the
electric motor are placed in the same case an@ftiverdry gas seal are not required any
longer (Alban, Pellerin et al., 2009).

For its simplicity and high reliability, these typeof high-speed compressors and
configurations are very suitable for subsea systemm&re high reliability and zero
environmental impact are demanded.

In the Figure 3.6 it is presented a typical intégglamotor compressor. A proportion of the
process gas is taken at the compressor outlet, tasedol down the electric motor and the
magnetic bearings, and routed back to the comprasset. This configuration is very
efficient energy wise due to the high cooling flawailable, the high pressure of the cooling
flow and the high heat capacity in case of natgeal (Gilon and Boutriau, 1998). In the case
of multistage compression, the cooling gas canaken also from the first stage outlet. The
amout of cooling gas is dependent of the procesditons and it could vary from 5 t015% of
design flow (Alban, Pellerin et al., 2009).

The literature in the area is extent and for furtimformation the reader is suggested to
consult: (Gilon, 1991; Gilon and Boutriau, 1998;eithhans, Pfrehm et al., 2005; Beer,
Tessaro et al., 2006; Alban, Pellerin et al., 2009)
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Figure 3.6 Typical integrated motor compressor yKteans, Pfrehm et al., 2005)

3.3 Control system and power supply. VSD.

In long step-out subsea developments the powenihiditbon is one of the major challenges
hence the controllability of the rotating machisesh as multiphase pumps and compressors.
The implementation of VSD in subsea compressoesystis a technology challenge and the
industry is joining efforts to overcome the teclogy gap. Traditionally, and it is the case for
the Asgard SGCS, the VSD have been placed topside Where the boosting or production
pumps are driven. However, in the case of the Orh@ge SGCS the VSD will be placed
subsea. This subsea VSD are the first in its cassshould be able to run the high speed
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motor compressor and pump motor with high levelsetibibility and availability in order to
minimize intervention or stop production withinlaast five years (Bjerkreim, Haram et al.,
2007).
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4 HYSYS Dynamics

This chapter has the intention to introduce thennfi@atures of HYSYS dynamics and all the
considerations needed when developing a dynamiceadt also introduces the most
important available functionalities in HYSYS dynasiithat were used in this work. Special
focus will be put in the Automation functionality HYSYS which was extensive used in this
thesis.

The information presented in this chapter comesiipdiom the HYSYS user guides (Aspen
Technology, 2011, Dissinger, Levine et al., 2012)

4.1 Conservation relationships

The mathematical modeling in HYSYS Dynamics is dage conservation relationships for
mass, components and energy. In steady-state ridhese quantities change in time but in
dynamic-state it is necessary to include an accaton term in the balance that takes into
account changes in time.

A simple mass, component and energy balance caepbesented by Equations 4.1, 4.2 and
4.3. The specific equations depend of each indaligdguipment and the method selected to
performance the calculations.

Mass balance

Rate of accumulation of mass = mass flow into gs#esn — mass 4.1
flow out of the system

The rigorous equations in HYSYS dynamics can take account phenomena effects such as
vaporization, chemical reactions, density changés, In HYSYS the mass balance is also
referred as pressure-flow balance.

Component balance

Rate of accumulation of component j = Flow of comgaat j into the
system — Flow of component j out of the system teR&formation of 4.2
component j by reaction

Enerqgy balance

Rate of accumulation of total energy = Flow of t@&aergy into the system —
Flow of total energy out of the system + Heat adabeithe system across its 4.3
boundaries + Heat generated by reaction — Work dgribe system on
surroundings
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The energy flow coming into the system and goingadihe system can be due to convection
or conduction while the heat added to the systerosacits boundary is by conduction or
radiation (Aspen Technology, 2011).

4.2 Calculation method

HYSYS uses a lumped model, this is that all thespta} properties are considered to be equal
in space so there are not thermal or componentecdration gradients in the coordinates (X,

Yy, z). Only time gradients are considered in thagad model. In this way, the system can be
represented and solved as a set of Ordinary DiftedeEquations (ODES).

The solution obtained in the lumped model is arr@gmation of the actual solution which

could be found by considering the space gradidiis. kind of model is so-called Distributed

model and it can be represented by a set of Pddii&rential Equations (PDEs). The

advantage of the lumped model is that it is muaieedo solve than the distributed system
while it offers, depending of the process to modeteptable results.

The conservation equations can be expressed bylimear- ODEs however an analytical
solution is rather extremely complicated; therefaremerical integration is used to solve
them. The solution reached by the integration nuktlseo more closely to the analytical
solution as the time step is smaller. However, alkstime step requires additional calculation
time for the same elapsed real time thus it is i@ to balance the accuracy with the speed
of the calculation.

The ODEs of the lumped model in HYSYS Dynamic arwed by the implicit Euler Method
which uses rectangular integration to compute thleevofY,,;, see Equation 4.4 (Aspen
Technology, 2011):

Yot = Yo + hfni1(Ynia) 4.4
where:
Y, property Y
n, current time step
h, step size

The three conservation balances are not computedeasame time step since it is time
consuming. Instead, they are solved at differanetstep frequencies. In HYSYS Dynamics
the mass, energy and component balance are soheey first, second and f0time step
respectively. In general, when there is not chehrieaction involved, composition tends to
change more gradually than other properties santhe solved less frequently. These values
can be modified by the user.

4.3 Equipment: Sizing and specifications

An important issue in dynamic simulation is thaégsure and flow are directly related and
one cannot be calculated without the other. It nhesta pressure gradient across every
operation unit so the flow through it can be cadted. All the unit operations can be defined
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as pressure node or resistance equation operd®i@ssure node operations compute a
pressure drop taking into account the vapor holdnuthe unit, e.g. vessels. On the other
hand, the resistance equation operations calcalptessure drop based on a given resistance
equation, e.g. valves, pumps, compressors, etssifigjer, Levine et al., 2012).

In contrast to steady-state, in the dynamic modenecessary to specify rating details of each
operation unit in the process flow sheet so it gaich the actual equipment performance.
The information needed usually involved the equiptsize, geometry, relative position with
respect to the ground (static head), nozzle plangmneéc. Once the rating information of each
equipment have been specified then HYSYS uses\anadd Holdup model to calculate heat
losses, product compositions, separator liquidlge\static head contributions, etc.

In the following, it will be discussed the mainingt parameters needed for each operation
unit. Special focus is put on the operation unitscl form part of the developed wet gas
compression model. Units such as distillation calamexpanders, pumps, etc., are not
discussed in this section. For more information téader is advised to consult the Unit
Operations and Dynamic Guide provided by (Asperhfietogy, 2011).

Valves and actuators

In Dynamic-state a valve can be specified by eithéixed pressure drop or a pressure flow
relation. The pressure-flow relation is recommendexte it is more realistic than a fixed
pressure drop.

If a fixed pressure drop is selected on the valve pressure and one flow specification are
needed at the inlet stream of the valve. Instddteioption of pressure-flow is preferred then
two pressures are specified or one pressure andflawe In the pressure-flow tab, it is
possible to specify the flow coefficient (Cv or Cg) the valve or a simple resistance
equation.

In the case, that the Cv and Cg method is chosepressure-flow specification, HYSYS
offers the possibility to size the valves at theegi conditions by using the Fisher Universal
Sizing Method. This method can predict accuratkéy ftow for either high or low recovery
valves, for any gas and for any service conditdspen Technology, 2011):

) 59.64 D2
Qvap = Vfracfac " Cg AP P17 SIn 1——- CPfac 4.5
C1 P1

Quig = (1 = Vracfac) - 63.338 - C, +/p - (b1 — P2) 4.6

C 4.7
=2
1 Cv

Km = 0.001434C, 4.8
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0.4839 4.9

CPrac =

4.10

where:

C, Liquid flow sizing coefficient

C4 Gas flow sizing coefficient

p, = inlet stream pressure

p, = outlet stream pressure

Vrracrac = 1 If outlet molar vapor fraction > 0.1
0 if outlet molar vapor fractier0
molar vapor fraction/0.1, otheswi

In the case of control valves it is important tedfy the operating characteristics of the
valve. This is the relation between the actual eghosition (% Valve Opening) and the
corresponding flow capacity (% Cv). This selectwill dictate the opening and closing
performance of the valve. In HYSYS dynamics theeefaur different possibilities to select
(Aspen Technology, 2011):

Linear: The flow through the valve is directly povponal to the % of valve opening.
%C, = % Valve opening 4.11

* Quick opening: This type of control valves will@l high flow rates at low openings
while, as the valve opens further the rate at wthehflow increases is smaller.

%C. = 100 (% Valve Opening)o'5 4.12

o T 100

* Equal percentage: In this type, the flow througa #alve is small at lower opening
percentages while the flow increases rapidly asvtdiee opens. This type of valve
acts in the opposite way as the quick opening valve

% Valve 0pening>3 4.13

%C, = 100 - ( 50

* User table: The fourth method allows the user puira table with the valve position
and the associated percentage flow capacity.

A comparison between the three first control vdlees characteristics is shown in the Figure
4.1.
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Figure 4.1 Control valve characteristics (Aspenhfetogy, 2011)

It is also important to specify the valve mode whiefines the relationship between the

desired actuator position and the current actyatsition. For example, the desired actuator
position can be set by and PID controller or frorapaeadsheet calculation. In the actuator
page of the valve dynamic tab it is possible tecdbetween three modes: Instantaneous, first

order and linear.

In the instantaneous mode the actuator moves iastaously to the desired position set by
the PID controller. The relationship between thaent and desired actuator position can be

expressed as:

Act % = Actpesireas 4.14

Compressors

In dynamic-state as well as in steady-state offegesperation it is necessary to input the
compressor characteristic curves. Likewise, in dyiosstate it is possible to input more
complete information about the compressor:

» Surge and stonewall curve

* Impeller and rotating shaft inertia information.
* Friction loss term

» Electric motor speed vs. torque curve

» Electric motor inertia and friction factor

In the dynamic specifications tab only two dynamspecifications shall be selected. The
characteristic curve is advised to be always usedd it remains only one free specification;
among them we found the compressor power, comprepsed or total power loss, etc. The
selection of the second specification depends erdnfiguration of the control system.
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The pressure-flow specifications at the compressorounding should be two pressures
specification for the inlet and outlet stream oe gnessure and flow specification.

Mixers/Tees

The dynamic performance of the mixer and tee ojmeratnits is very similar. In the mixer
dynamic tab it is possible to either equalize thespure of all the inlet streams or to set the
outlet pressure as the lowest inlet stream presswedynamic specification. It is
recommended to choose the first option due tomase realistic. In this way, the pressures
of all the surrounding streams are equal if stagiad contributions are not considered.

In the case of the tee, it is possible to seleetsylit ratios as dynamic specification, however
this is not advised. Instead, the flow ratios stooé calculated from the tee surrounding
pressures and all resistances through the flowtsHea given flow ratio has to be active
controlled it is possible to add and PID controildrich operates the internal flow ratio valve
inside the tee.

Cooler/Heater

In dynamic-state the cooler/heater can be modelgd ®ither a fixed pressure drop or
pressure-flow equation. Similarly to the valve @iem, a fixed pressure drop in the
cooler/heater is not recommended since this iskelyliin an actual process. Hence, it is
recommended to use a pressure-flow equation wieiehed the pressure drop with the flow
across the cooler/heater see Equation 4.15 . Tamlbk-value can be calculated in steady-
state at the design conditions and the used asmdgrspecification. The Equation 4.15 does
not consider the possible static head contributions

flow = \/density -k -\/p; — p, 4.15

Additionally, the duty applied to the holdup fluigside the cooler/heater has to be specified.
Three methods are available:

e Supplied duty. If selected, the duty supplied te treater (or extracted from the
cooler) has to be specified. Normally, this optisnselected when using a PID
controller to calculate the duty based on a proeasable specification.

* Product temperature specification. In this case tdmaperature of the product is
specified and HYSYS computes the corresponding dotychieve the specified
temperature.

* Duty fluid. This option is used when the user hasvdedge about the utility used as
heating/cooling media. In this case, informatioowttthe utility is required as input.

4.4 Controllers

In HYSYS dynamics it is possible to select betwkes different control schemes: split range
controller, ratio controller, PID controller MPC riooller and DMCplus controller. Among
all these controllers, the PID controller is thestnadommon used.
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The PID controller algorithm (see Equation 2.44) ba solved in HYSYS by two different
sub-algorithms: PID velocity form and PID positibf@am.

In the PID velocity form the Equation 2.44 can héten as (Aspen Technology, 2011):

1
u(®) =u(t—1)+ K.|e(t) —e(t—1) + = e(t)h 4.16
p g, D20+ e(t — 2)
h
where:
u(t), controller output at time t
h, sampling period
The PID positional form can be expressed as (A3mehnology, 2011):
(e(®) —e(t—1) 4.17

u(t) =K, .

n
1
e(t) + —Z e(Dh+T,
Ti 1=1

In HYSYS, the velocity form is recommended whenr¢hés an integral term and the
positional form when there is no integral term amtis is due how HYSYS solves the
positional form of the integral term which is suming continuously implying a continuous
summation of errors, so-called integral wind-upeTéffect of integral wind-up makes the
system to oscillate more (Hansen, 2008). In HYS¥fe, velocity form is set as default
subtype algorithm.

The process of tuning the PID parameters can v@mnpecehensive and it is out of the scope of
this work to intend any optimization around themheTconsulted material of HYSYS
dynamics recommends the following values for tHe parameters:

Table 4.1 Recommended PID tuning parameters ([yesjhevine et al., 2012)

System Kc T; (minutes) | T4 (minutes)
Flow 0.1 0.2 0
Level 2 10 0

Pressure 2 2 0

Temperature 1 20 0

4.5 Dynamic tools

HYSYS-dynamics has several powerful tools that meksier to create, modify or improve a
dynamic model. In this section three important $ooill be described: dynamic assistant,
integrator and event scheduler.
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Dynamic assistant

The HYSYS dynamics assistant is a very useful telén changing from steady-state to
dynamic-state, or when building a new dynamic chseakes suggestions about the required
system boundary conditions as well the pressuse-fipecification in the unit operations. It
has to be noticed that despite the practicalitthefdynamic assistant it is just a guide and not
its suggestions are always applicable. It is imgrirto use own engineering judgment.

The dynamic assistant also checks the degreegeddm of the system and suggests which
variables need to be added or dismissed so themsyist fully specified before starting the
simulation. It has also the capability to add valwdere are necessary.

In the case of existing un-sized equipment likevesl heat exchangers or vessels, the
dynamic assistant also offers the possibility e shem using the corresponding method for
each unit. Therefore, it is important that whennghag from steady-state the model is at the
design or normal operating conditions. The perfaroeaof units such as valves, vessels, etc.
will depend on the sizing parameters calculatetiénsteady-state.

The control scheme of the process cannot be createdgh the dynamic assistant and it
depends only on the expertise and knowledge afiske

Integrator

Firstly, the integrator serves to activi & ancctieate & the simulation case. Different
from the steady-state solver the dynamic integreamnot be activated before the simulation
flow sheet is complete and the degrees of freedoenis satisfied.

It is also possible to access to the integratop@mies and the important information related
to the numerical scheme of the dynamic simulatierom the integrator general tab it is
possible to select automatic or manual integratiorthe manual integration the user has to
specify the number of time steps while in the awtbenintegration the simulation runs until

the user turns it off @ | The manual integratioroften used when debugging or trouble
shooting a case.

The integration time step is set to 0.5 secondgldfault. This value can be reduced to
improve the accuracy of the result however this ldd to higher computation time, and vice
versa. In general, the default value representso@d grade-off between accuracy and
computation time.

Additionally, the execution tab of the integratdioas manipulating the execution rates for
the conservation relationships discussed in theosed.1l. The execution rate for the logical
operations (controllers, transfer function, etéock can be also manipulated.

Other options such as enabling the static headribatibns, modeling choking of liquid
inside valves, etc. are also possible to select.
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Event scheduler

The event scheduler is a powerful tool in HYSYS aiwics that allows the user to
automatically execute specific tasks once the mateg has been started. The event scheduler
can be used to simulate special case scenaritmigd®@wn, start-up and system disturbances.

The pre-programmed tasks can be started by prentied conditions. These could be a
specific elapsed time or simulation time, evaluatd logical expression or stabilization of a
certain variable within a set tolerance during ate amount of time.

The logic behind programming each event is showrthe Figure 4.2. Each Schedule
compromises a set of sequences which are compdgacdnts. At the same time, an Event is
formed of Conditions with a subsequent set of Awio

Each individual schedule should be managed asaaepndependent set of sequences. Two
or more sequences cannot interact when they betondifferent schedules. For each
sequence, the pre-determined conditions are eealwatd when they are met the action list,
within the event, is executed. Each sequence @rsthedule, is executed one per time step as
they appear.

‘ Schedule Manager ‘

+ + -  — —_
‘ Schedule 1 ‘ ‘ Schedule 2 ‘ ‘ Schedule 3 ‘ Schedule N
Sequence A

Action List

|
|—>| Action M
Lb| Event X

Figure 4.2 Event Scheduler programming logic

It is advised to develop as many steps as possiitien a sequence rather to stop and start
new sequences. In the Chapter 6, it will be shoaw the event scheduler was used to set up
different cases of study.

4.6 HYSYS Automation

Automation is maybe the functionality of more imfamice for the developing of this thesis
and the presented dynamic model. Automation makssilple that HYSYS is accessed and
manipulated from third party software in a servigert framework. The server provides a
service that can be used by the client if knowimg ight protocols. This means that the user
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is able to access and exchange all the informatidhe HYSYS flow sheet from tools like
Visual Basic, Visual Basic for Application (VBA) iexcel, and other programming languages
such as MATLAB and C++. HYSYS also has its own kdacanguage Editor which allows
developing scripts inside the simulation environtnen

In this sense, by combining HYSYS with other tomiakes possible to perform tasks that are
not trivial in HYSYS or to focus in particular flowheet information. In the subsequent, it
will be tried to explain briefly the main charaggtics of the Automation concept. For more

information regarding this subject please refeth® Aspen HYSYS Customization Guide

(Aspen Technology, 2011).

Automation is based on the object hierarchy conc&ptobject contains a set of functions,

so-called methods, and variables, so-called pregsethat can be accessed from the third
party software. In the Figure 4.3 it is possibledppreciate better this concept. In this
example, the object is the car and it has a sptagferties and methods. The properties, color,
make, engine, etc. are variables that have an iassdwalue. The methods, drive, refuel, etc.
are functions or subroutines that define the peréorce of the object. An object could contain
one or more sub-objects with their own propertied methods.

The method to call or get a specific object propertmethod is through the object hierarchy
system. In VB and VBA the sub-objects, propertied mnethods are accessed using the dot (.)
operator. Using Automation it is possible to accessover 340 objects and over 5000
combined properties and methods in HYSYS.

In the car example, defining the color (propertidhe car (object) would be:
Car.colour = blue
In the same way, to define the size of the carrengiould be:

Car.enginesize= 6

Properties: Colour, Make, Engine Methads: Drive, Refuel

Figure 4.3 Object hierarchy example in Automatidsden Technology, 2011)

The syntax used in Automation is similar to the aised in VB and VBA. The Table 4.2
summarizes the main syntax and their functionalitie

38



Table 4.2 Main syntax in HYSYS Automation

Syntax Function
Dim Used to declare objects and variables
Get Used to start communication with an existinggob
Create Used to create an object
Set Used reference to an object variable (sub-glpeaperty or method)
Let Used to modify the value of a property or metho
Item Used to access to a specific object withioleection of objects

Example: Accessing to an open HYSYS case

Set hyApp = CreateObject("HYSYS Application”)

Set hyCase = hyApp.ActiveDocument
Example: Accessing to a stream in the previous flow sheet

Set hyFlowsheet = hyCase.Flowsheet

Set hyStream = hyFlowsheet.Material Sreams.Item("well_stream')
Example: Changing the temperature of the "well _stream”

Let hyStream. TemperatureValue = 300

By default HYSYS used the Sl units to all the cltons and values exchanged through
Automation. This has to be taken into account wHeweloping any code. The automation
functionality will be exposed again in the Sectioh.

In this chapter, it was described the main aspeutischaracteristics of HYSYS dynamics and
the main tools that are important for developmérthe wet gas compression model proposed
in this thesis. In the next chapter, it will be Bped how the different functionalities of
HYSYS were used for the creation of the model.
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5 The dynamic model

In this chapter it will be explained in detail halae dynamic model was developed from the
steady-state and its main features such as boumdaditions, equipment specifications and
system controllability.

A key goal of this thesis is to implement withiretdynamic model correction methods that
account for wet gas compressor performance. Thienaptmplementation through HYSYS
Automation of two different correction methods iscadiscussed in this chapter.

5.1 Model background

In this section it will be briefly presented theeatly-state model developed last semester
during the project thesis (Perez, 2012). The stastalg model is the starting point for the
dynamic model so it is important to have a cleagaisf how it was developed from the
beginning. It will be also discussed the selecodmumber of impellers and calculation of
characteristic curves.

The HYSYS dynamic model was developed using avialéibld data corresponding to the
Asgard field; however the configuration of the SedsGas Compression Station (SGCS)
presented in this work differs from the actualljteimded in the Asgard Subsea Gas
Compression (SGC) project. The main differencénad the developed model here represents
a wet gas compressor and no gas/liquid separaigernformed upstream of the centrifugal
compressor.

In the project thesis it was studied the pressa@sting requirements of the system (from
well head to platform) and several alternatives ewproposed for the designing and

configuration of the compressor. It was concludeat the operating life of the SGCS would

be divided in two consecutive cases: constant gaguption and constant compressor power
(Perez, 2012).

In the first case, the production of the field iaimained constant while the reservoir, so the
well head pressure, declines. In this case, thepoessor power increases gradually with the
well head pressure reduction until it reaches #sumed maximum design value of 10 MW
(the last revision of Asgard project facts showat the maximum design compressor power is
11.5 MW, (AkerSolutions, 2013)). This study perndtt® create the total compressor power
and production profile for the well head pressugelide, see Figure 5.1 and Figure 5.2. In the
given profiles, the first operation scenario isresggnted with a blue line.

From this first study it was also possible to estenthe number of impellers for the
centrifugal compressor. The total number of impsllevas calculated to be two with a
maximum polytropic head of 3000 m per impeller. Blssumed maximum impeller head is in
accordance with the typical value for estimatingopmses (Lapina, 1982).

In the second case, after the maximum design casprgower is reached, the plateau gas
production cannot be further maintained and itasassary increment the boosting capacity of
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the compressor. At this point of the field openatiide, it is proposed to make a rewound of
the compressor to change the existing two impedasadd four more for a final total of six
impellers. In this scenario the compressor speedljissted to keep the compressor power at
its maximum design value of 10 MW, while the wedldd pressure declines and the head
requirement maintains increasing. In HYSYS the labé gas production is calculated when

specifying the well head pressure, the maximum ¢esgor power and the required platform
inlet pressure.

In this case, the available gas production decsegsadually with the well head pressure
reduction until it reaches a minimum value of 40Bthe plateau production. At this this stage
the operation the SGCS is considered to be noitabtd anymore, meaning the end of the

life of the field. In the Figure 5.1 and Figure 3t case for constant compressor power is
represented with a red line.
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Figure 5.2. Steady-state production profile

The profiles shown above can be also presentesrimstof polytropic head (m) versus actual
inlet volumetric flow (n/s). The resulting head requirement profile is thead to select the
design point for each impeller and based on exparial curves extrapolate the typical
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performance and generate the characteristic corveaich impeller. The Figure 5.3 shows the
characteristic curves (constant production case}hef first and second impeller at the
maximum design speed of 10 000 rpm, N =100%.

3500 82.0%
3000 - 80.0 %
. - 78.0 %
E 2500
e - 76.0 %
2 2000 O
-§ - 74.0 %E
=3 1500 w
el - 72.0%
o
1 000 — | 0.0 %
—@— Hp, first impeller \ \ 7
=g Hp, second impeller \
500 H — o= Etap, firstimpeller ‘ ® - 68.0 %
- o= Etap, second impelle|
0 66.0 %

0.500 0.700 0.900 1.100 1.300 1.500 1.700 1.900 2.100 2.3005002
Actual suction volumetric flow (m3/s)

Figure 5.3 Impellers characteristic curves, case |

Once the characteristic curve for each impeller Ib@sn determined it is possible to use
HYSYS to explore the operability of the SGCS bathsteady and dynamic-state. In the
project thesis (Perez, 2012) the steady-state tperavas widely discussed while in the
current work the main focus is on the dynamic mobee next sections will address the
developing of the dynamic model and the transifrom the steady-state.

5.2 From steady to dynamic-state

First of all, it is extremely important to point tothat the developed dynamic model
corresponds to the first case exposed in the ststady study, constant gas production, Case
l. Thus, in the dynamic model, a fixed gas floner& sent from the compression station to
the pipeline (see boundary conditions, Sectiorl}. 3.

Also, as it was mentioned before the developed mmddes not pretend to be an exact
representation of the Asgard SGCS but what is dedris to study the main fundamentals of
these types of systenfBoth the steady-state and dynamic model are bas#aeoconcept and
include the main processing equipment describeddarChapter 3.

In order to include the motor and bearing coolifayé it is necessary to model the entire
centrifugal compressor as two individual impellefee cooling flow is extracted after the
first impeller and sent to the electric motor andgmetic bearings. Then, the warm cooling
flow is sent back to the inlet of the first impellehere it is pre-mixed with the coming
compression flow. The magnetic bearings and eteatotor cooling demand were modeled
as a single heater where the cooling flow is heapedccording the cooling demand.
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In HYSYS, each impeller was modeled as an indiviidwenpressor and their characteristic
curves were set into two separate HYSYS-spreadshd®SYS has the capability to export a

given variable value from the spreadsheet to actleunit in the PFD environment. This

functionality was used to export the individual eeristic curves from the spreadsheet to
the corresponding compressor unit.

The Figure 5.4 and Figure 5.5 show the steady-sdai® dynamic-state models PFD,
respectively.From the figures it can be seen the evolution friv@ steady-state to the
dynamic model, which includes the anti-surge cdritop that is of high importance during
compressor dynamic simulation.

Since the main focus is on the compressor dynasriopnance and how it is affected under
different operating conditions including wet gasfpenance, it was convenient to make the
following simplifications:

Elimination of inlet cooler. Instead, the temperatof the stream SCGS inlet is set to
be as it was already cooled down in the inlet aobknce it does not represent the
actual well head temperature.

Elimination of inlet separator. This simplificatioplus the addition of a
water/condensate stream allows manipulating direbt GVF at the inlet of the first
impeller. In the actual SGCS the GVF at the inliethe compressor is given by the
separator efficiency.

The dynamic model does not include the transpgrélpie. This is maybe the main
simplification of the model. The inclusion of thearnsport pipeline will affect the
responses of the system making them slower thansifnot included. This is due to
the large volume and resistance that it represetaaever, this simplification can be
considered acceptable since the main focus is ®mrdimpressor performance. In the
steady-state study, it was determined that at aohgtroduction rate the compressor
outlet pressure remains nearly constant at 12Qubder different conditions. In the
dynamic model, this value was used to set up a oesspr outlet pressure controller
(see Section 5.3.3)

After doing these simplifications and building thew sheet the next step was to set the
stream and unit specifications and the rest ohttexled information. The next section will
address these aspects.
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5.3 Main features

In order to start the dynamic simulation, firstist necessary to complete the model by
specifying the boundary conditions of the systeh®e pressure-flow specification of the
equipment and include the process control scheméhi$ section, all these issues will be
addressed.

5.3.1 Boundary conditions

In HYSYS dynamics the boundary conditions of thestegn are fully specified when
specifying one pressure or flow specification facte inlet and outlet stream. In our model,
there are two inlet streams and one outlet strdzeretore three boundary conditions are
needed. Additionally, the temperature has to beifipd in each of the inlet streams. The
boundary and temperature specifications are suraethim the Table 5.1:

Table 5.1 Boundary conditions

Stream name Specification Value
SGCS Inlet Pressure 90 bara
Watef Molar flow 0 — 5 kmol/s
Gas to pipeling Molar flow 6.76 kmol/s (13.8 MSCMD
SGCS Inlet Temperature 15 °C
Water Temperature 15 °C

! The SGCS inlet pressure (equal to the compressxios pressure) can be varied to study the pedana of
the compressor and the system response.

2 The water flow rate is used to control the GVRhetinlet of the compressor (first impeller inldt).a specific
case of study, this stream is also used to repraseondensate stream.

% The flow specification is the molar flow rate fixed 6.76 kmol/s. The mass flow rate will dependtoe
molecular weight of the resulting mixture at wes ganditions (gas and water/condensate)

* The SGCS inlet temperature represents the disehalgs cooler temperature, 15 °C.

5.3.2 Unit operations sizing

As it was exposed in the Section 4.3 it is necgstamake the sizing of the equipment such
as control valves, heat exchangers and other petations in order to make a correct
dynamic modeling and control of the process. Inftilwing, it will be shown the sizing
criteria and parameters used for each unit inlthe $heet.

Valves and Cooler/Heater

The valve flow coefficient (Cv) and the overall kles of the heat exchangers were
calculated taking as reference the steady-statditomms at a compressor inlet pressure of 90
bara. The sizing parameters used as dynamic pesfieur specifications are summarized in
the Table 5.2.
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Table 5.2. Sizing conditions and parameters

Unit Sizing Sizing Value
conditions parameter
Anti — surge 100% reflux Cv 400 USGPM (60 F, 1 psi)
valve when fully open
Cooling gas 5% of total flow Cv 50 USGPM (60 F, 1 psi)
valve when fully open
Anti-surge 100% reflux and Overall k 74 [kg/hr/sqgrt(kPa-kg/m3)]
cooler Ap =5 bara
Electric motor 5% of total flow Overall k 157.4 [kg/hr/sgrt(kPa-kg/m3])]
andAp =5 bara

Additionally, the mode and operating characterssia¢ each valve are summarized in the
Table 5.3.

Table 5.3 Operating characteristics of valves

Valve Operating Mode
characteristics
Anti — surge valve Linear Instantaneous
Cooling gas valve Linear Instantaneous

In order to model the cooling of the electric moémd the magnetic bearings a heater was
introduced to simulate the heat absorbed by théngpgas flow. From a consulted reference
(Crowley, Bansal et al., 2003) it was possibleital fa direct experimental relation between
the motor electrical losses and the total consupwsler, see Eq. 5.1. The cited reference
corresponds to an electric motor driven compregstbr similar design parameters as the one
studied in this work. The referenced data was abthifor a compressor of 10 MW design
power and 12000 rpm design speed.

Qmotor = 23.959 X P, — 3.6264 [KW] 5.1

This equation was set into one spreadsheet, limk#dthe total compressor power and the
result exported to the heater (electric motor) durtythis way, a new electric motor duty is
calculated for any change in the total compresesarep.

The equation presented is only a steady-state apiprior the electric motor thermal transient
behavior. A complete transient thermal analysi$ meed complete data of the actual electric
motor and the use of theoretical models of heaistea mechanisms. Studies on this matter
are presented by (Pinto, Antunes et al., 1994; iA8ébghtaderi et al., 1996; Rajagopal,
Seetharamu et al., 1998; Arshad, Chin et al., 2001)
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Compressors

As it was seen in the Section 4.3, in HYSYS dyname compressor unit is completely
specified when at least one compressor curve adiditional specification are input.

In the model, a full compressor map was generatgdafiplying the fan laws to the
characteristic curve found during the steady-staidy, see Section 5.1. The compressor map
was generated for the rotational speeds of 608@090, 100 and 105% of the design speed,
see Appendix A.

Additionally, the compressor speed was used asfggadion. In the control scheme the speed
is further manipulated by the compressor outlesguee controller.

The Schultz analysis was selected for the comprgsstormance method.

Mixers/Tees

Following the discussed in the Section 4.3, intla mixers the “equalize pressures” option
was selected as dynamic specification and in thesbéts the split ratio specification was not
enabled.

5.3.3 Controllers

A total of six controllers were added in the motlelv sheet in order to handle potential
disturbances in the system. The Table 5.4 sumnsatimefunctionality and handled variables
of each controller. According with the discusseth® Section 4.4, the velocity algorithm was
selected for all the PI controllers.

Table 5.4. Summary of controllers

Controller Type Operating Process Set Point (SP)
Parameter (OP) | Variable (PV)
IC-101 Pl Water molar flowy  GVF - First Variable
rate impeller inlet
PI1C-100 Pl Compressor Pressure - Gas 120 bar
rotational speed to pipeline
% opening — Cooling gas
IC-100 Pl Cooling gas valve ratio 5%
Control valve — | Temperature —
TIC-100 Pl Anti-surge cooler| Anti-surge 3 15°C
C100: Surge % opening — Anti-{ Actual volume
controller Pl surge valve flow — First H, =C-q*
impeller inlet
C200: Surge % opening — Anti- Actual volume
controller PI surge valve flow — Second H,=C-q*
impeller inlet
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In the case of the anti-surge controllers the egitps the so-called surge flow and in HYSYS
can be calculated based on the expression:

H,=A+B-q+C-q*+D-q° 5.2
where:
Hp = Polytropic head (m)
q = surge flow (n¥s)
A, B, C, D = surge line parameters

The expression above is used to characterize tige $me of the corresponding compressor
map. In our case, the compressor map is generateth \applying the fan laws to the
compressor characteristic curve at 100% rotatispaked, hence the relationship between the
polytropic head and the surge flow is quadratic tredexpression is simplified to:

=C-q° 5.3

The quadratic constant C can be calculated by simmanipulation of the fan laws equations
or by polynomial regression of the surge line ire tbompressor map. This method
implemented within HYSYS is a simplification of th&). 2.2 showed in the Section 2.3.

Once the constant C is specified in the anti-swa#roller then HYSYS will calculate the
surge flow at the given suction conditions. Thegsunargin is also specified in the anti-surge
controller. For both controllers, the control lim@as set in 10% higher than the calculated
surge flow. The anti-surge valve will remain clasgess any of the two anti-surge controllers
computes that the actual suction volume flow isdpthan the corresponding control flow. It
is important to note that both anti-surge contrslleave as OP the same valve. In the case
that both compressors reach the surge control W¢SYS selects the lower surge flow to
calculate the valve opening.

The controller IC-100 is used to control the mdlamw ratio to the cooling gas loop by
operating the internal valve of the tee unit, THE:1In normal operation conditions this
valve is manipulated manually and no active consaihade. However, active control was
included in the simulation in order control the lmog gas flow and be able, later on, to
compare the results between the different casstudf.

Finally, for the configuration of the controller$ is necessary to specify the tuning
parameters. The values of these parameters warg tikm the HYSYS Dynamics manual
(Aspen Technology, 2011) and are shown in the Talile

It is important to notice that optimization withspect to the tuning parameters was not
intended and it is out of the scope of this worlenkk it is for further study to assess the
impact of the tuning parameters on the controlighdf the system.
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Table 5.5. PID tuning parameters

Controller Gain, Kc Integral time , Ti | Derivate time , Ti
(min) (min)
IC-101 0.1 0.2 -
PIC-100 0.1 0.2 -
IC-100 0.1 0.2 -
TIC-100 1 20 -
C100: Surge controller 0.2 0.1 -
C200: Surge controller 0.2 0.1 -

5.4

One of the main goals of the thesis is to develapodel which can take into account the wet
gas impact on the compressor performance. In dalelo so, two different methods were
implemented within the dynamic model, the firstdthen experimental data interpolation and
the second based on empirical relations.

Wet gas impact

Method 1: GVF interpolation correction (IC)

The first method uses experimental compressor ctarstic curves at GVF = 1 and GVF =
0.95 to correct the behavior of the compressoroperdnce under wet gas conditions. The
variations in polytropic head, volume flow and gobpic efficiency from the experimental
curves at GVF =1 and GVF = 0.95 are used as int&ipn factors to interpolate/extrapolate
point by point the characteristic curves of our poassor impellers to the given GVF. This
procedure is fully explained in the Appendix B.

The final result of the interpolated curves carbbter illustrated in Figure 5.6:
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Figure 5.6. Comparison between experimental cuemelsthe first impeller curve
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Once the impeller curve at GVF = 0.95 has beenutatled it is also possible to calculate a
new curve for any GVF value. The same procedure atgplies to the polytropic efficiency
vs. volume flow curve. The Figure 5.7 shows therabiristic curve of the first impeller at
different GVF. The Appendix C shows a complete eplanof the interpolation procedure.
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Figure 5.7. First impeller characteristic curveliffierent GVF

Method 2: Woods’s correction (WC)

The second method involves the correction of thepressor performance based on the GMF
calculated from the GVF, gas and liquid densitiesha compressor inlet conditions. The
correction method used in this thesis is presebye(Hundseid, 2008) in his Doctoral Thesis
and it is a modification of the Wood’s multiphageeed of sound model for two-phase flow.
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The polytropic head at wet gas conditions is caeddased on the dry gas conditions for the
corresponding volumetric flow, suction pressure aachpressor speed. The volumetric and
the polytropic efficiency are not corrected witistmethod.

The empirical relations proposed by (Hundseid, 208 be manipulated resulting in the
following equations:

hpw = hy - W 5.4
_ 1 5.5
f-Jf GVF
1 [GVF-ps+(1—-GVF)-p] 5.6
emr =T = Py

From these relations, each point of the polytrdmead characteristic curve at dry conditions
can be corrected to the corresponding value agien wet gas conditions, and the only
information needed are the GVF, the gas and ligladsities at the compressor inlet (see
Appendix C).

Any of the two methods can be implemented withinGY\5 (both, in steady and dynamic
state) to take into account the compressor perfoceaariation at wet gas conditions. Once
the characteristic curve at N = 100% is correctesl full compressor map is generated by
applying the fan laws. A comparison between the tmgthods is shown in the Figure 5.8
below. In the next section it will be explained hdlese two correction methods were
implemented in HYSYS Dynamics to correct the paerfance of both impellers.
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Figure 5.8. Corrected characteristic curve of Rirgieller
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In the figure it can be seen that the interpolatimthod corrects the polytropic head but also
the inlet volumetric flow while the second methadyocorrects the polytropic head. Again,
both correction methods are full illustrated in &gpendix C.

5.5 Correction methods implementation

In the Section 5.2 it was explained that in the N'8Smodel the compressor map of each
impeller were set into two different spread shemid these are linked directly with the
compressor units. The goal is to develop a proeedoat applies the already discussed
correction methods to the dry-gas conditions cyse¢ in the spread sheets) and automatically
put the new curves (at wet-gas conditions) in tbmmressor units. However, and this is a
major drawback of HYSYS, the compressor curvesaatematically deactivated when it is
attempted to modify them. This means, that theesGhtegrator will stop when the corrected
new compressor curves are sent from the spreadshibet compressor unit.

In a steady-state simulation, one possibility isstmply activate manually each of the
compressor curves and then activate the solver.eMemwin the case of having any internal
loop, as the cooling gas loop, the flow sheet néed=rate several times before it converges
and the manual activation of the curves becomasusdin dynamic simulation the situation
is more critical and a manual re-activation of thieves is not possible. Indeed, if any change
is made on the compressor curves while the integratrunning the simulation automatically
fails and HYSYS shuts down. In order to overcoms tbsue it was necessary to create a
code in VBA for Microsoft Excel which was connectedh HYSYS dynamics to automatize
the procedure of correcting and activating of tompressor curves.

Following the explained in the Section 4.6 (HYSY 8tédmation) the code created in VBA is
able to work as an interface between HYSYS Dynamanzh Excel, see Figure 5.9. The VBA
code continuously checks the flow properties atitiet of the compressors and when any
change, with respect to the previous recorded step, is detected the new curve and surge
flow constant C are automatically computed in exseht to the HYSYS spread sheets and
from the spread sheets to the respective comprasgor

Microsoft’ @ f \
VisualBasic Su P 7 o

for Applications

aspen Aspen HYSYS V7.3

Figure 5.9. Schematic framework of VBA, Excel and$¥Y S
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The manner of how both correction methods are implged on VBA is very similar
however they use different inputs and generateerdifft outputs. The interpolation method
needs only the GVF at the inlet of each compressa corrects the dry gas curve in
polytropic head, polytropic efficiency and suctigalume flow. Alternatively, the Wood’s
correction needs the GVF, gas and liquid densgies corrects the characteristic curve only
in terms of head. Therefore, individual codes weeated for each particular method but they
can still be applied to the same HYSYS case. Tepbete script for each correction method
is attached in the Appendix D.

The implementation and correction procedure arsgmted in the Figure 5.10 and Figure 5.11
as flow chart forms. The subscripts 1 and 2 standirflet of first and second impeller,
respectively. The VBA script uses the hierarchyteysto connect first with the HYSYS case,
with process flow sheet and then with all the iteand operation units of importance.

Note from the flow charts that the interpolationthwa corrects the curve only if the GVF
changes while the Wood’s method corrects the comg if the parameter W (Eq. 5.4)
changes. Since the WC method comprises three imawameters that will change
simultaneously, the direct comparison of only omeiable makes the interaction between
HYSYS and VBA more numerically favorable. As examph some cases the GVF reaches
its steady-state value but the phases densitieggehf@r one or two time steps more. Hence,
the W factor accounts for this numerical issue.

The VBA script stops the integrator when it detebtst thee condition is met for any of the
two impellers and the compressor curves have tobected. As mentioned before, HYSYS
will shut down if it is attempted to edit the comapsor curves while the integrator is running.
Then, Excel computes the corrected compressor swand the VBA sets the new values in
the HYSYS spread sheets where they are sent gittecthe respective compressor. After, the
integrator is started and the whole proceduregsated.

It is important to notice that the VBA code and tH¥SYS dynamics flow sheet have
different and variable computational speeds. Dutimg transient behavior the VBA code
tends to be slower and faster when the steady-ista¢@ached. Hence, it could be attempted to
couple both speeds but that would imply that tiheusation in HYSYS has be stopped when
it is faster than the VBA script, and vice versawdver, the tests done showed that the VBA
code is faster than response of the process clamg@nd this should be enough for a valid
performance.
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The VBA code was developed is such way that a disésg window allows the user to start,

stop or resume the application (see Figure 5.18¢. ilteraction between HYSYS dynamics
and the VBA correction script is only stopped whiea user desires so. In this way the VBA
application is in continuous and permanent comnatimno with HYSYS dynamics and there

is no need to specify the integration time in HY SYA8ditionally, it is possible to change any

specification value in the flow sheet (pressures)peratures, flow rates, etc.) and the VBA
script will be still online and monitoring the G\# inlet of both impellers.

i ) ' - B
HYSYS COMPRESSOR SIMULATION 5 | [ Havsys COMPRESSOR SIMULATION [
The VBA code corrects the compressors The VBA code corrects the compressors
characteristic curves to the given wet gas characteristic curves to the given wet gas
conditions. Press the run/stop button to run/stop conditions. Press the run/stop button to run/stop
the simulation. Press dose to exit. the simulation. Press close to exit.
RUN SIMULATION CLOSE ‘ ‘ STOP SIMULATION CLOSE
L
—

Figure 5.12 Run/Stop simulation button

In this chapter it was described the developmenh@fdynamic model in HYSYS and all the
required considerations. It was shown that in ayryadhic simulation special care has to be
put on the boundary conditions, pressure-flow dmadion of the operating units and the
control design of the process. Also, it was exm@dimow the Automation functionality of
HYSYS was used to implement corrections methods dlaount for wet gas compressor
performance. In the next chapter several casesidy svill be presented.
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6 Results and discussions

Once the HYSYS dynamics functionalities were exgdoand used to build the dynamic
subsea wet gas compression model it was necessatydy the performance of the system
under different operating conditions. In particuldris of interest to study the compressor
response under wet gas conditions. In order tchdp it was first necessary to test and tune
the implementation of the correction methods disedsn the Section 5.5. The tuning of the
correction methods application will be exposedis thapter.

The cases of study described in this chapter are:

» Case 1:GVF impact on compressor performance
» Case 2:Molecular weight impact on compressor performance
» Case 3:Suction pressure impact on compressor performance

6.1 Model tuning

With the objective of improving the implementatiohithe wet gas corrections methods it was
necessary to run several pre-tests. As seen iRithuze 5.10 and Figure 5.11 the correction,
or not, of the impeller characteristic curve isjsated to a pre-defined valde Hence it was
necessary to explore the real effect of the paraniein the application of the correction
methods.

In this sense, a Sequence was set up in the ExbedSler which automatically changed the
set point in the GVF controller (IC-101) from 1 @97. This procedure was repeated for
different ¢ values and for both correction methods. The camt of this study are
summarized in the Table 6.1.

Table 6.1 Model tuning: Main case parameters

Action Reduce SP of IC-101 from 1 to 0.97
Adjusted variable | Water flow rate

Monitored variable | Compressor speed

Pipeline inlet pressure

GVF at compressor inlet (first impeller)

IC method:
In the case of the interpolation correction thauealtested fot were:

e ¢= 1102
e ¢= 110°

As result, the compressor speed and pipeline mextsure profile are shown in the

Figure 6.1 and Figure 6.2 respectively.
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Figure 6.2 Model tuning: Pipeline inlet pressurefie, IC method

WC method:

In the case of the Wood's correction the valuetete®re were:

e ¢= 1102
e ¢= 110°
e ¢= 110*

As result, the compressor speed and pipeline metsure profile are shown in the Figure 6.3
and Figure 6.4 respectively.
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It can be seen how the correction routine is imeleted in different time steps making the
compressor speed profile to oscillate until it rezx definitely the steady-state. For the
differente values the steady-state speed vale is aroundithe.s
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Figure 6.3 Model tuning: Compressor speed profl€ method
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Figure 6.4 Model tuning: Pipeline inlet pressurefie, WC method

Discussion

From the profiles it can be seen that thealue affects the stability and dynamic resporfse o
the compressor, e.g. a largewill activate more times the correction routine king the
system to iterate more before it can reach thelgtstate. Therefore, it is essential to find an
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appropriate value fog which can guaranty a good result without comprargishe stability
of the system.

It can be also seen that for the IC method a vafue= 0.01 offered good stability to the
system and it is still possible to reach the sar@ady-state compressor speed ag f010.001.

In the same way, the WC methodeat 0.001 reported smooth speed and pressure @ofile
while resulting in the same steady-state compregseed as far = 0.0001.

For all the following cases of study theralues were fixed in 0.01 and 0.001 for the fanstl
second correction method respectively, see TaBle 6.

Table 6.2 Correction routine paramete¥alues for cases of study

IC WC
£=0.01 £=0.001

The VBA script was created in such way that it asgble to keep the count of how many
times an impeller curve is changed. In this setts number of changes in each correction
methods were compared for the givemalues (0.01 and 0.001) and both methods computed
nearly the same number of changes. Specifically ctraracteristic curve of the first impeller
was adjusted 15 times and the second impellerr@ésti At higher values the number of
changes can be up to the double or more. This igsits the real time online monitoring of
the process.

6.2 Case 1: GVF impact

A first issue to consider is the response of theme@ssor and the correction routine under
different GVF changes. The first sub-case corredpamhen the IC-101 controller is set in
automatic mode and the GVF at the inlet of the firpeller is adjusted progressively from 1
to 0.97; whereas in the second sub-case the GMkgelawithin one time step. For this last it
was necessary to change the mode of the conti@é01 from automatic to manual and set
directly the water molar flow rate. For both suls&sthe Event Schuler was used to set up the
particular cases.

In the following the results of the two sub-casdélve presented.
Case 1.a: Smooth GVF change

Table 6.3 Case 1.a: Main case parameters

Action Reduce SP of IC-101 from 1 to 0.97
Adjusted variable | Water molar flow rate

Monitored variable | Compressor speed

Pipeline inlet pressure

Total compressor power

GVF at compressor inlet (first impeller)
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As result, the compressor speed, pipeline inletqunee and total compressor power profile are
shown in the Figure 6.5, Figure 6.6 and Figureréspectively (the GVF profile is presented
in each figure). In this sub-case, the GVF reatheset point after 1100 seconds.
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Figure 6.5 Case 1.a: Compressor speed profile
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Figure 6.7 Case 1.a: Total compressor power profile
Case 1.b: GVF change in a time step

Table 6.4 Case 1.b: Main case parameters

Action Set OP of IC-101 equal to 57.85% of Max. molar flow
Adjusted variable | Water molar flow rate

Monitored variable | Compressor speed

Pipeline inlet pressure

Total compressor power

GVF at compressor inlet (first impeller)

" The maximum molar flow is set in 3 kmol/s.

As result, the compressor speed, pipeline inletqunee and total compressor power profile are
shown in the Figure 6.8, Figure 6.9 and Figure @eBpectively.
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Figure 6.8 Case 1.b: Compressor speed profile
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Figure 6.10 Case 1.b: Total compressor power jrofil

In the Figure 6.5 and Figure 6.8 it is possiblsd¢e how the compressor speed is adjusted by
the controller PIC-100 during the GVF variation.ciin be seen that the compressor speed
decreases as the GVF decreases until it reachasthgasteady-state. For both sub-cases the
steady-state speed values were identical, beingekigor the WC method (7069 rpm) and

lowest for the simulation without correction (6 1®m).

In the Figure 6.8, Case 1.b, it can be seen thah&three simulations the compressor speed
reaches its steady-state value after 200 secordibefore that, the two correction methods
are already executed. This evidences the quiclorsspof the correction methods even when
the GVF changes within one step. In the Case kadmpressor speed reaches the steady-

state after 1300 seconds, see Figure 6.5.
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From the pipeline inlet pressure profile of Case a, 1.
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Figure 6.6, it can be observed that the simulatwih no correction reaches the steady state
after approximately 900 seconds, whereas the prbfilinterpolation and Wood’s correction
achieve the steady-state at around the same titee 00 seconds. In the Case 1.b, the
pressure reaches (all the methods) the steadyastatel00 seconds.

It can be noticed from the

Figure 6.7 and Figure 6.10 that the total compregsmwer decreases when the GVF
decreases. The steady-state values are also theelsztmeen correction methods in the two
sub-cases. The interpolation correction method caetpthe highest compressor power, 3.93
MW, while the simulation without correction compdtinhe lowest, 3.6 MW.

Discussion

In the case 1.b, all the simulations reach thedststate pressure value after 400 seconds, see
Figure 6.9, which is much faster than in the CaaeThis is due to the drastic change in GVF
and the quick response of the system. Again, thetfat the pressure when no correction
method is applied stabilizes at the same time awihe correction methods are applied is an
indication of the good interaction between the HYSSow sheet and the VBA script.

An important matter to consider is the overshotibran the pressure signal. The Table 6.5
presents the overshoot values in the pressure Istghng as reference the maximum

deviation from the SP of 120 bar. In the Case fthb, pipeline inlet pressure presents a
maximum overshoot of 10.1% (no correction and WCho#) whereas the maximum

overshoot in the Case 1.a is 6.5% (WC method).oMeeshoot is higher for the Case 1.b due
to the step change in the GVF. However there isbigdifference with respect to the Case
l.a.

An overshoot of 10% seems to be acceptable bstiecessary to make a more rigorous and
specific study to determine if these pressure fiaitbns could cause vibrations and system
deteriorations.
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Table 6.5 Case 1: Overshoot ratio in the contrgiiexssure

Case l.a Casel.b
Max. Overshoot Max. Overshoot
deviation deviation
bar % bar %

No 114.9 4.2 132.1 10.1
correction

IC 113.7 5.3 129.1 7.6
WwC 112.2 6.5 132.1 10.1

In the Table 6.6 it is displayed the main perforoeaparameters in steady-state, both, at the
beginning of the simulation and after the GVF distunce has been introduced in the system.

As it can be seen from the table, the experimergddction in compressor power is due to
the reduction in polytropic head and reductionuot®n mass flow (since the inlet molar flow

remains constant and the low molecular weight ef water). It can be noticed that the
reduction in polytropic head is similar among theee cases but the polytropic efficiency
variation presents a larger difference. From thedlsimulations, the IC method reports the
highest compressor power due to the resulting lhwiency in both impellers. The opposite

occurs with the simulation with no correction whiofports the highest efficiencies and
thereby the lowest compressor power. This diffegeisca direct consequence of correcting
the efficiency curve in the IC method.

Table 6.6 Case 1: Steady-state performance values

First impeller Second impeller Total compressor power
m H, 1, m H, 1, HYSYS | Calculated | Deviation

kg/s m % kg/s m % MW MW %
Initial 144.74| 1406.2| 78.21] 137.50] 1332.3| 76.3§ 4.91 5.00 1.83
No 140.50| 1076.5( 79.82| 133.47| 1057.9| 79.64 3.60 3.67 1.94

correction

IC 140.50] 1093.8| 70.07| 133.47| 1045.54( 72.63| 3.92 4.00 2.04
wWC 140.50( 1068.8( 77.71| 133.47| 1066.58| 78.15| 3.69 3.75 1.63

The corrected characteristic curves can be alsmesepted in one single graph in order to
have a clear idea of how they are corrected. Ther€i6.11 and

Figure 6.12 show the characteristic curve of tih& fmpeller after the steady-state has been
reached. The efficiency characteristic curve fa YWC method is the same as for dry gas
conditions.
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Figure 6.12 Case 1: Corrected first impeller chianastic efficiency curve at GVF = 0.97

The full compressor map can be also representeu thé trajectory of the corresponding
operating point. A different compressor map andraireg point trajectory will be computed
for each impeller and for each correction methosl.aA example, the compressor map of the
first impeller without correction is displayed ihet Figure 6.13. The figure also shows the
trajectory of the operating point for both sub-ca$& and 1.b.
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Figure 6.13 Case 1.a: First impeller compressor wilpput correction

As it can be seen in the compressor map, and edso the compressor speed profiles, the
Case 1.b presents a drastic drop in speed duregGiWiF step change. This is a direct
consequence of the quick variation in the inleuneétric flow which due to the high water
mass density is reduced in few seconds. Furtherntbee polytropic head is reduced but
maintaining a relative high efficiency. All theseoduce that the compressor power response
has a smaller pick than in the Case 1.a.

Considering again the pressure pulse observei@#se 1.b it can be seen in the Figure 6.13
that the operating point is far from the surge.lifikis means that during normal operation a
pressure overshoot of 10% should be handled bgdhgressor magnetic bearings and the
entire system. This specific issue must be constlduring the designing and testing of the
whole compression system.

6.3 Case 2: Molecular weight impact

The inherent consequence of manipulating the GViatsuction side of the compressor is
the variation in the fluid molecular weight. Thered, it is important to assess the real impact
of the molecular weight on the compressor perfomeaand system response. In this sense, a
case study was set up where the water stream vpdacee for a condensate stream of
molecular weight 67.94 kg/kmol, see compositioMppendix E.The Table 6.7 summarized
the main parameters for this case.

Table 6.7 Case 2: main case parameters

Action Reduce SP of IC-101 from 1 to 0.97
Adjusted variable | Condensate molar flow rate

Monitored variable | Compressor speed

Pipeline inlet pressure

Total compressor power

GVF at compressor inlet (first impeller)
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As result, the compressor speed, pipeline inletqunee and total compressor power profile are
shown in the Figure 6.14, Figure 6.15 and Figui® 6respectively.
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Figure 6.14 Case 2: Compressor speed profile

The speed profile shows that the compressor spegeases when the GVF decreases and for
this specific case the GVF reaches the steady-gtdie after 200 seconds. The IC method
computes the highest compressor speed (7268 rpereat the WC method the lowest, 6851

rpm.

In the simulation without correction the speed hemcthe steady-state after 200 seconds, the
IC method after 300 seconds and the WC method &M@iseconds.
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Figure 6.15 Case 2: Pipeline inlet pressure profile

69



From the pipeline inlet pressure profile it candixserved that the no correction and the IC
method reach the steady-state around after 300ndscand the WC method after 800
seconds.
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Figure 6.16 Case 2: Total compressor power profile

In the total compressor power profile can be semn ihdecreases with the reduction in GVF.
The IC method computes again the highest comprgssweer, 4.85 MW, whereas the WC
method calculates the lowest, 4.45 MW.

Discussion

The GVF stabilization time in the Case 2 (200 sésdms much less than the one needed in
the case 1.a where the GVF steady-state time i8 $4&0Gonds. This first difference is due to
the low density of the condensate mixture (occupiese volume) which will have a quicker
impact on the GVF. This quick impact on the GVF emkhe system to behave more like the
Case 1.b when the GVF changes within one time stepever the steady state values for the
compressor speed and total power are quite differen

Since the WC method uses the GMF as correctiompetsa it is more sensible for changes in
the fluid conditions and thus it is possible thatarrects the characteristic curve after the
GVF has reached the steady-state. Once the GMteanlet of the first impeller has reached
the steady-state the rest of the flow propertiess (gnd liquid density) are more likely to

remain constant. However, this is not the casetlier second impeller. In particular, the

characteristic curve of the second impeller is@ted more times than the first impeller due
to the inlet condition are continuous fluctuatifdnis is a direct effect of the motor cooling

gas loop.

Additionally, it is possible to compute the overshaatio in the pressure signal. The
overshoot for the Cases 1 and 2 are presentechrgatthe Table 6.8. In contrast to the Case
1, all the overshoot values in the Case 2 are Idlaan 10% which is a good measure of the

70



stability of the system under GVF changes. It carcéncluded that the system is more stable

for fluids of higher molecular weight.

Table 6.8 Case 2: Overshoot ratio in the contrgiiexssure

Case l.a Casel.b Case 2
Max. Overshoot Max. Overshoot Max. Overshoot
deviation deviation deviation
bar % bar % bar %

No 114.9 4.2 132.1 10.1 125.6 4.7
correction
IC 113.7 53 129.1 7.6 131.5 9.6
wC 112.2 6.5 132.1 10.1 127.1 5.9

Even though the total compressor power also deesgasthe Case 2, the rate of reduction is
less than in the Case 1 and the final steady-stdtees are higher. The reason is that in this
case there are two opposite effects: the polytrdmad reduction and the mass flow
increment. Similarly to the Case 1, the polytropead decreases with the GVF however, the
mass flow increases due to the high molecular wesfilthe condensate stream (the molar
flow is constant). Hence, these two effects worlaiagt each other causing the small
reduction in compressor power. The Table 6.9 sunzemthe main performance values at the
steady-state conditions. As mentioned before, Genkethod computes the highest steady-
state compressor power. This is due to the loveieficy resulting from the efficiency curve
interpolation.

It is important to note that WC method reports lthweest compressor power as a result of the
high efficiency in both impellers. However, in tase 1 the simulation using the dry gas
curve reported the highest efficiencies and heheddwest total compressor power. A direct
consequence of no correcting the efficiency cussghat, as in this case, the compressor
model will report higher efficiencies at wet gasnditions which is inconsistent with
experimental tests (Brenne, Bjgrge et al., 2005)ddeid, 2008)

Table 6.9 Case 2: Steady-state performance values

First impeller Second impeller Total compressor power
m Hp Ny m Hp n, | HYSYS| Calculated | Deviation

ka/s m % kg/s m % MW MW %

Initial 144.74| 1406.2| 78.21| 137.50( 1332.3| 76.33 4.91 5.00 1.83
No 156.43| 1178.3| 77.50| 148.61| 1159.1| 76.95 4.53 4.62 1.99

correction

IC 156.43| 1116.1| 70.48| 148.62| 1228.7| 74.2Q 4.85 494 1.86
WC 156.43| 1131.1| 78.9 | 148.6) 1204.6| 78.34 4.45 453 1.80

Additionally, like in the Case 1, it is possiblepimt the three characteristic curves together in
order to check that the correction routine actualtyrked and corrected the curves. The
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Figure 6.17 and Figure 6.18 display the charadierurve of the first impeller after the

steady-state has been reached. It can be notedntiad difference between the curve
corrected by the Wood’s method and the curve atgdsy conditions. This is product of the
low density of the condensate stream (442 Rpiwhich makes the GMF to be closer to the
unity than in the case of the water stream. The Givilie Case 1 was 0.79 while in the case

2 was 0.91, at the suction conditions of the firgbeller. The similar effect will be found at
the inlet of the second impeller.
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Likewise, the full compressor map with the opemtpoint trajectory can be plotted. As
explained before, each simulation will generateifeer@nt compressor map and operating
point trajectory. As illustration, the compressaaprof the first impeller at dry gas conditions
is shown in the Figure 6.19.
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Figure 6.19 Case 2: First impeller compressor mipowt correction

From the compressor map it can be noticed the schalhge in volumetric flow which is
product of the low density of the condensate stre@sconsequence, the compressor speed is
reduced but in small percentage and thus the @patating speeds for this case are higher
than in the Case 1. This can be also illustrateénmMbomparing the Figure 6.14 with the
Figure 6.5 and Figure 6.8.

Once more, the operating point remains distant ftbensurge area. A similar performance
will be found for the simulations using the correstmethods.

6.4 Case 3: Suction pressure impact

During normal production it is possible to have derm pressure drops in the compressor
suction side. Therefore, a Sequence was set upeifeven Scheduler in order to study the
system behavior under these situations. The clarstots of this case study are summarized
in the Table 6.10.

Table 6.10 Case 3: main case parameters

Action Reduce inlet suction pressure from 90 to 80 bar
Adjusted variable | SGCS Inlet pressure specification

Monitored variable | Compressor speed

Pipeline inlet pressure

Total compressor power

Suction pressure
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It is important to note that in this case scenarés executed under dry gas conditions hence
the correction methods are not carried out. Plaase that for better appreciation the figures’
scale is not the same as in the previous cases.

The monitored variables, compressor speed, pipefited pressure and total compressor
power are shown in the Figure 6.20, Figure 6.21Fgdre 6.22, respectively.
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Figure 6.20 Case 3: Compressor speed profile
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Figure 6.21 Case 3: Pipeline inlet pressure profile
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Figure 6.22 Case 3: Total compressor power profile

The Table 6.11 summarizes the steady-state compngssrformance values.

Table 6.11 Case 3: Steady-state performance values

75
500

First impeller Second impeller Total compressor power
m Hp Ny m Hp n, |HYSYS| Calculated | Deviation
ka/s m % kg/s m % MW MW %
Initial 144.74] 1406.3 78.2]1137.50( 1332.2| 76.35 4.91 5.00 1.83
Final 144.74| 2033.1 79.2p137.50( 2025.3| 79.13 7.10 7.23 1.83
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7 Conclusions

The HYSYS dynamic functionalities were exploredarder to build a dynamic wet gas
compressor model. In particular, it was of interdst use of the Automation feature to
implement two different correction methods thatcasis for wet gas impact on compression
performance, in dynamic-state. This was done throtige creation of a VBA script in
Microsoft Excel. The HYSYS dynamic model and theA/Bcript were used to explore the
performance of the compressor and the system wdiffierent operating conditions including
wet gas.

Both developed correction methods, interpolatiorreztion and Wood'’s correction, proved
to be fast enough to take into account changesMi.&ven sudden changes in GVF are
dandled effectively and corrections are made faktar the controller’s action.

The interaction between the VBA script and the HYSWow sheet is dependent on the
defined tolerance. A high tolerance value produces stability proldeam the compressor
performance parameters and limits the real timeitoing of the process.

Since the Wood’s correction uses the GMF as coorgiarameter it is more sensible for
changes in the fluid conditions than the interpofatmethod that only uses the GVF. As
consequence, the Wood’s method could take moretbmeach the steady-state.

The total compressor power decreases when the RdFeases. This is product of the
resulting reduction in polytropic head and massvflate. The power reduction is greater
when water is used to control the GVF at the iofahe compressor than when condensate is
used. This is due to the high molecular weightefdtondensate which supposes an increment
in the mass flow.

The interpolation correction method reported, incakes, the highest compressor power due
to the polytropic efficiency is corrected and loeer based on typical experimental
compressor behavior.

The pipeline inlet pressure signal registered aimam overshoot of 10%. This value seems
acceptable meaning the good tuning of the pressan&oller.

The system showed to be more stable (low oversimoptessure signal) for fluids of high
molecular weight.

A direct consequence and major drawback of the VWooalrection method is that in some
cases the compressor model will report higher iefficies at wet gas conditions than a dry gas
conditions, which is inconsistent with experimentabts (Brenne, Bjgrge et al., 2005;
Hundseid, 2008).
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8 Recommendations

The following recommendations can be made basdteoabtained results:

* Include a complete piping system of the compressiymtem. This will allow having
more reliable representation of the compressorsgstem response in dynamic-state.
The piping system is particular for each specifise(Asgard, Ormen Lang, Gulfaks)
and actual data is needed.

* It will be also of interest to include more infortia of the compressor-motor system:
compressor speed-torque curve, motor inertia,idncloss models, etc. This will
permit to study the compressor transient rundowhabier. This issue is well
addressed by (Tveit, Bakken et al., 2005).

* It is necessary to study further the potential iotpa the compressor outlet pressure
signal fluctuation. The simulations showed that tlve impellers are operating far
from the surge area then the magnetic bearingsigtheuable to handle this pressure
fluctuation. If deterioration occurs due to vibeats, it could be product of improper
compressor design.

77



References

AkerSolutions. (2013). "Boosting Asgard production. Retrieved March, 2013, from
http://www.akersolutions.com/en/Global-menu/Mededture-stories/Subsea-
technologies-and-services/Boosting-Asgard-produattio

Alban, T., O. Pellerin, et al. (2009). Mechanicaldaperformance testing method of an
integrated high-speed motor compressor. TurbomachiBymposium.

Arshad, W. M., Y. K. Chin, et al. (2001). On findirompact motor solutions for transient
applications. Electric Machines and Drives Confeegni2001. IEMDC 2001. IEEE
International.

Asaii, B., B. Moghtaderi, et al. (1996). A new timal model for EV induction machine
drives. Power Electronics in Transportation, 1986EE.

Aspen Technology, 1. (2011). Aspen HYSYS CustonmzaGuide. Burlington, USAV7.3.

Aspen Technology, I. (2011). Aspen HYSYS Dynamicddling Guide. Burlington, USA.
V7.3

Aspen Technology, I. (2011). Aspen HYSYS Unit Opierss Guide. Burlington, USA/7.3.

Baggerud, E., V. Sten-Halvorsen, et al. (2007).hhexal Status and Development Needs for
Subsea Gas Compression. Offshore Technology Carderéiouston, Texas.

Beer, P., J. E. Tessaro, et al. (2006). High-speexrtor design for gas compressor
applications. Thirty-fitth turbomachinery symposium

Bequette, B. W. (2003). Process control: modeliohesign, and simulation. Upper Saddle
River, Prentice Hall.

Bjerkreim, B. (2004). Subsea gas compression - #réu option._Offshore Technology
Conference. Houston, Texas.

Bjerkreim, B., K. O. Haram, et al. (2007). Ormemba Subsea Compression Pilot. Offshore
Technology Conference. Houston, Texas.

Brenne, L., T. Bjorge, et al. (2008). "Prospects Sob Sea Wet Gas Compression.” ASME
Conference Proceeding90843178): 671-677.

Brenne, L., T. Bjogrge, et al. (2005). Performaneal@ation of a centrifugal compressor
operating under wet gas conditions. Proceedingsthef 34th Turbomachinery
Symposium, Texas A&M University, College Stationex@s, Turbomachinery
Laboratory.

Crowley, M. J., P. N. Bansal, et al. (2003). IEMD4n-Line Electric Motor Driven
Compressor._ QUARTERLY TECHNICAL PROGRESS REPORTSMW., U.S.
DEPARTMENT OF ENERGY 29.

Davies, S. R. H., W. Bakke, et al. (2010). Expereeo date and future opportunities for
subsea processing in StatoilHydro. Offshore TeatmolConference. Houston, Texas,
USA.

Dissinger, G., J. Levine, et al. (2012). Jump Staspen HYSYS Dynamics V7.3. A Brief
Tutorial (and supplement to training and online woentation). Burlington, USA,
Aspen Technology, Inc19.

Forsthoffer, W. E. (2005). Principles of rotatimguggment. Oxford, Elsevier.

Gilon, D. C. (1991). Design and tests of a 6 MWQA® RPM induction motor. Electrical
Machines and Drives, 1991. Fifth International Gwafhce on (Conf. Publ. No. 341).

Gilon, D. C. and L. Boutriau (1998). Experiencehwiitigh speed induction motors for direct
driving of compressors. Turbomachinery Symposium.

Hansen, C. (2008). Dynamic Simulation of Compre$3ontrol Systems. Master of Science
in Oil and Gas Technology, Aalborg University Esgje

78



Hjelmeland, M., A. B. Olsen, et al. (2011). Advasda Subsea Wet Gas Compression
Technologies._International Petroleum Technologynf€ence. Bangkok, Thailand,
International Petroleum Technology Conference.

Hughes, A. (2006). Electric motors and drives: faméntals, types, and applications.
Amsterdam, Elsevier/Newnes.

Hundseid, O., L. E. Bakken, et al. (2008). "Wet QRarformance of a Single Stage
Centrifugal Compressor." ASME Conference Proceexsi?@§843178): 661-670.
Hundseid, &. (2008). Evaluation of performance netle wet gas compressors. Trondheim,

Norges teknisk-naturvitenskapelige universitet.

Kleynhans, G., G. Pfrehm, et al. (2005). Hermelycalealed oil-free turbocompressor
technology. Turbomachinery Symposium.

Lapina, R. P. (1982). Estimating centrifugal consgm® performance. Houston, Tex., Gulf
Publ.

Lima, F. S., A. Storstenvik, et al. (2011). Subssampression: A Game Changer. OTC
Brasil. Rio de Janeiro, Brazil.

Ludtke, K. H. (2004). Process centrifugal compressBerlin, Springer.

Marlin, T. E. (2000). Process controll: designinggesses and control systems for dynamic
performance. Boston, McGraw-Hill.

Peng, W. W. (2008). Fundamentals of turbomachingojpoken, N.J., Wiley.

Perez, L. (2012)._Subsea Wet Gas Compression Qper&roject Thesis, Norwegian
University of Science and Technology.

Pinto, J. A. D., C. F. L. Antunes, et al. (1994)ransient heating and cooling analysis in an
electromagnetic device." Magnetics, IEEE Transastion30(5): 3339-3342.

Rajagopal, M. S., K. N. Seetharamu, et al. (199Bjansient thermal analysis of induction
motors." Energy Conversion, IEEE Transactiond8): 62-69.

Razib, M. S., M. M. F. Hasan, et al. (2012). "Rrefiary synthesis of work exchange
networks." Computers & Chemical EngineerBigf0): 262-277.

Romagnoli, J. A. and A. Palazoglu (2012). Introdutto process control. Boca Raton, Fla.,
CRC Press.

Saravanamuttoo, H. I. H., H. Cohen, et al. (20@&)s turbine theory. Harlow, Prentice Hall.

Schultz, J. M. (1962). "The Polytropic Analysis Gentrifugal Compressors.” Journal of
Engineering for PoweB4(1): 69-82.

Skofteland, H., M. Hilditch, et al. (2009). Ormearige Subsea Compression Pilot - Subsea
Compression Station. Offshore Technology ConfereHogeiston, Texas.

Statoil. (2012, 11.13.2012). "Innovation Award OR®L2 - Asgard subsea gas compression "
Retrieved 08.12, 2012, from
http://www.statoil.com/en/Technologylnnovation/EiBlevelopment/AboutSubsea/Pa
ges/The%C3%85sgardComplex.aspx

Tveit, G. B., L. E. Bakken, et al. (2005). Compmsperformance impact on rundown
characteristics. 6th European Turbomachinery Cenfss, Lille, France, ENSAM.

79



Appendices

Appendix A
Appendix B
Appendix C
Appendix D

Appendix E

Impellers characteristic curves

Correction methods

Interpolation procedure based on expemial data
VBA Scripts

Gas and condensate compositions

80



Appendix A Impellers characteristic curves
First Impeller 4000
Characteristic curve 3500 A o= row
N = 100% (10 000 rpm) 3000

Q (m7s) | Hy(m) |, (%) £
1163 | 3179.4| 72.00 g 200
1.386 | 3094.9| 75.30 S 2000
1.585 2952.5 78.40 §'

1.795 | 2736.0| 80.30 5 100
1.960 2501.4 78.10 o 1000
2.109 | 2253.0| 74.2 <00 o
2.286 1832.1] 68.00

0

0 0.5 1 15 2 25 3
Actual suction volumetric flow (m3/s)
The full compressor map is generated by applyiegdh laws:
N =60 % N=70% N =80 % N =90 % N =105 %

Q (mYs)| Hy (M) | mp (%) [ Q (M?s) | Hy (M) | (%) | Q(Ms) | Hy (M) | 1, (%) | Q(M%s) | Hy (M) | my (%) | Q(M?s) | Hy (M) | my (%)
0.698 | 1144.§ 72.00 0.814 1557.9 72.00 0.930 20848.00 1.047 2575.8  72.0Q 1.2209 3506.3 72,00
0.831 | 1114.1 75.30 0.970 1514.5 75.30 1.109 1980.75.30 1.247 2506.8  75.30 1.4550 341p.1 75,30
0.951 | 1062.9 78.40 1.109 1446.7  78.40 1.268 1889.8.40 1.426 23915 78.40 1.6638 325h.2 7840
1.077 985.0 80.30 1.257 1340.7 80.30 1.436 1751.10.308 1.616 | 2216.2 80.30 1.8852 3016.5 80.80
1.176 900.5 78.10 1.372 1225.7 78.10 1.568 1600.98.107 1.764 2026.1 78.10 2.0576 275¢.8 78.10
1.265 811.1 74.20 1.476 1104.0 74.20 1.687 1441.A.207 1.898 1824.9  74.20 2.2141  2488.9 74.20
1.372 659.5 68.00 1.600 8977 68.00 1.829 11y2.5.0068 2.058 1484.( 68.00 2.400f 2019.9 68.00
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Second impeller

Mp = 72%

Np =75%

Np = 78%

Mp = 68%

N =

N = 105%
100%

N =90%

4000
Characteristic curve 3500
N = 100% (10 000 rpm)

Q (m’s) Hp (M) 1, (%) ’g3000
0.968 3179.4 72.00 = 2500
1.153 3094.9 75.30 9
1.319 2952.5 78.40 g 2000
1.494 2736.0 80.30 %1500
1.631 2501.4 78.10 S
1.755 2253.0 74.20 1000
1.903 1832.1 68.00 500

N = 60%

N =70%

0 0.5 1 1.5 2.5
Actual suction volumetric flow (m3/s)
The full compressor map is generated by applyiedan laws:
60 % 70 % 80 % 90 % 105 %

Q (m3/s) Hp (M) | np (%) | Q (M3/s)|Hp (M) | np (%) |Q (M3/s)|Hp (M) | np (%) |Q (M3/s)| Hp (M) | np (%) |Q (M3/s)|Hp (M) | np (%)
0.581 1144.6 72.00 0.677 1557.9 72 0.774 2034.8 72 0.871 2575.3 72 1.0162 3505.3 72
0.692 1114.1 75.30 0.807 1518.5 75.8 0.923 1980.75.3 7| 1.038 2506.9 75.3 1.2110 34121 75
0.791 1062.9 78.40 0.923 1444.7 78.4 1.0%5 1889.68.4 7| 1.187 2391.5 78.4 1.384y 3255.2 7§
0.897 985.0 80.30 1.046 1340.7 80.3 1.195 1751.1 .3 80 1.345 2216.2 80.3 15690 3016.5 80
0.979 900.5 78.10 1.142 1225.7 78.1 1.305 1600.9 .1 78 1.468 2026.1 78.1 1.7125 2757.8 78
1.053 811.1 74.20 1.229 1104.0 74.2 1.404 14419 .2 74 1.580 1824.9 74.2 1.8428 24839 74
1.142 659.5 68.00 1.332 8977 68 1.522 1172.5 68 7131.| 1484.0 68 1.9981 20199 68

82

NP W w



Appendix B

Curves from experimental data:

Interpolation procedure based on experimental data

GVF =1, N = 100% GVF = 0.95, N = 100%

Point|  Q (m%s) Hp (M) ", (%) Q (m%s) Ho (M) | mp (%)
1 1.158 9215.0 72.0 0.615 7360.0 61.8
2 1.38 8970.0 75.3 0.909 7250.0 68.4
3 1.578 8557.5 78.4 1.1925 6920.0 71.0
4 1.788 7930.0 80.3 1.362 6660.0 71.3
5 1.9515 7250.0 78.1 1.545 6225.0 69.4
6 2.1 6530.0 74.2 1.848 5045.0 64.6
7 2.277 5310.0 68.0 1.9875 3825.0 59.9

A performance ratio is calculated for each pointtleé characteristic curve. The ratio is
defined as the difference from the point at GVF.8500 the point at GVF = 1. As example,
the volume flow ratio for the®ipoint would be:

. QGVF=1,1 - QGVF=O.95,1 _ QGVF=O.95,1

Qratio,l =1

QGVF=1,1 QGVF=1,1

This ratio is defined in the same way for the palgic head and efficiency. Hence, it is

possible to obtain a table with the performancesdor each point:

Performance ratios
Wet Q ratio | Wet H, ratio| Wetn, ratio
0.531 0.799 0.858
0.659 0.808 0.908
0.756 0.809 0.906
0.762 0.840 0.888
0.792 0.859 0.889
0.880 0.773 0.871
0.873 0.720 0.881

Once the interpolation factors are determineds passible to multiply them, point by point,
to the impeller characteristic curve at GVF = 1 aibthin the corresponding curve at GVF =

0.95. As example, for the first impeller this wolne:
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GVF =1, N =100%

Point

GVF =0.95, N = 100%

Q (ms) | H, (m) np (%)
1 1.163 3179.4 72.00
2 1.386 3094.9 75.30
3 1.585 2952.5 78.40
4 1.795 2736.0 80.30
S 1.960 2501.4 78.10
6 2.109 2253.0 74.20
7 2.286 1832.1 68.00

Q(mYs) | Hy(m) | 1, (%)
0.615 7360.0 61.8
0.909 7250.0 68.4
1.1925 6920.0 71.0
1.362 6660.0 71.3
1.545 6225.0 69.4
1.848 5045.0 64.6
1.9875 3825.0 59.9
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Appendix C Correction methods

C.1 Interpolation correction method

In this procedure the GVF is used to interpolai ¢haracteristic curve at any given GVF
within the range GVF = 0.95 and GVF = 1. For tlais,interpolation factor is defined based
on the GVF:

IF =20 X GVF — 19

The interpolation factor is then used to interpolabint by point between the curve at GVF =
0.95 and the curve at GVF = 1:

Qgvr=x = Qgvr=0.95 + IF - (Qgvr=1 — QgvF=0.95)
Hpgvr=x = Hpgvr=0.95 + IF - (Hpgyr=1 — HpgvFr=0.95)

Nevr=x = Nevr=095 T IF - (Ngvr=1 — NcvF=0.95)

Hence, as shown in the figures below, it is possiblgenerate a new impeller characteristic
curve for any GVF value.

3500.00
£ 2500.00
3
S 2000.00
ey
o
& 1500.00 =
=
£ 1000.00 | ——GVF=1 —s—GVF=0.99
GVF = 0.98 —»—GVF = 0.97
0000 ¥ GVF =096 —e—GVF=0.95
0.00
0.000 0.500 1.000 1.500 2.000 2.500

Actual suction volumetric flow (m3/s)
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85.0%

80.0 %

75.0%

70.0 %

65.0 %

60.0 %

A\

Polytropic efficiency (-)

55.0% [

——GVF =1
—4—GVF =0.98
—s—GVF = 0.96

—a—GVF =0.99
——GVF =0.97

—o—GVF =0.95

50.0 %

0.000

0.500

1.000 1.500 2.000
Actual suction volumetric flow (m3/s)

2.500

86



C.2 Wood’s correction method

First, the input parameters are defined:

GVF = 0.97
Pg= 105 kg/ni
pI= 1000 kg/nd

The f andW are calculated by the Eq. 5.5 and 5.6:

[0.97 - 105 + (1 — 0.97) - 1000]
f= o = 1.256

1
W = = 0.7216

1.256 - v1.256 - 0.97

Then, each point of the characteristic head cusvauiltiplied byl :

GVF =1, N = 100% GVF =0.97, N = 100%
Point 3 3
Q(m7s) | Hy(m) | mp (%) Q (m7s) H, (M) 1 (%)
1 1.163 3179.4 72.0 1.163 2294.14 72.0
2 1.386 3094.9 75.3 1.386 2233.15 75.3
3 1.585 2952.5 78.4 | 1.585 2130.45 78.4
4 1.795 2736.0 80.3 1.795 1974.23 80.3
S 1.960 2501.4 78.1 1.960 1804.94 78.1
6 2.109 2253.0 74.2 2.109 1625.69 74.2
/ 2.286 1832.1 68.0 2.286 1321.96 68.0
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Appendix D VBA Scripts

D.1 Interpolation correction method

SubSimulation()

' Defines the time vectors
Dim deltatime()As Long
Dim deltatimef()As Long
Dim j As Integer

Dimi As Integer

Dim aAs Integer

Dim b As Integer

' Hides the user dialog box
UserForml.Hide

' Creates an interface between CURRENT HYSYS filé the Script
SethyApp = CreateObject("HYSYS.Application™)
SethyCase = hyApp.ActiveDocument

' Connects to the Case Flowsheet
SethyFlowsheet = hyCase.Flowsheet

'‘Connects to Integrator
SethySolver = hyCase.Solver
Sethylintegrator = hySolver.Integrator

'Reads the current simulation time value (time_new)
Sethyct = hyIntegrator.CurrentTime
time_new = hyct.Value

Debug.Prin{("The current/starting simulation time is = ") &te_new & (" seconds")

‘Activates the simulation
Let hyIntegrator.IsRunning = True

time_old =0

" The connections with the compressors and spretsiie done after the simulation is started and
outside the While Do Loop

'=====C100 & SS1

' Connects to the compressor C100
SetCompl = hyFlowsheet.Operations.ltem("C100")

' Connects to the Characteristic Curves of C100
SetcurvesC1 = Compl.Curves()
SetC10 = curvesCl.ltem("60%")
SetC11 = curvesCl.ltem("70%")
SetC12 = curvesC1l.ltem("80%")
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SetC13 = curvesC1l.ltem("90%")
SetC14 = curvesCl.ltem("100%")
SetC15 = curvesC1.ltem("105%")

' Connects to the Spreadsheet: Curveslstg
SethySS1 = hyFlowsheet.Operations.ltem("Curvesl1stg")

‘Connects and reads value of cell F2 (Target IRhefSS1
SetlF_SS1 = hySS1.Cell(5, 1)
IF_SS1 target = IF_SS1.CellValue

'‘Connects to cells B5 - B11 of the SS1, Volumeftmwv values:
SetQl_SS1 = hySS1.Cell(1, 4)

SetQ2_SS1 = hySS1.Cell(1, 5)

SetQ3_SS1 = hySS1.Cell(1, 6)

SetQ4_SS1 = hySS1.Cell(1, 7)

SetQ5_SS1 = hySS1.Cell(1, 8)

SetQ6_SS1 = hySS1.Cell(1, 9)

SetQ7_SS1 = hySS1.Cell(1, 10)

'‘Connects to cells C5 - C11 of the SS1, Polytréfead values:
SetHpl SS1 = hySS1.Cell(2, 4)

SetHp2_SS1 = hySS1.Cell(2, 5)

SetHp3_SS1 = hySS1.Cell(2, 6)

SetHp4_SS1 = hySS1.Cell(2, 7)

SetHp5_SS1 = hySS1.Cell(2, 8)

SetHp6_SS1 = hySS1.Cell(2, 9)

SetHp7_SS1 = hySS1.Cell(2, 10)

'‘Connects to cells D5 - D11 of the SS1, Polytrdgfficiency values:
SetEtapl_SS1 = hySS1.Cell(3, 4)

SetEtap2_SS1 = hySS1.Cell(3, 5)

SetEtap3_SS1 = hySS1.Cell(3, 6)

SetEtap4_SS1 = hySS1.Cell(3, 7)

SetEtap5_SS1 = hySS1.Cell(3, 8)

SetEtap6_SS1 = hySS1.Cell(3, 9)

SetEtap7_SS1 = hySS1.Cell(3, 10)

'========= C200 & SS2

" Connects to the compressor C200
SetComp2 = hyFlowsheet.Operations.ltem("C200")

' Connects to the Characteristic Curves of C200
SetcurvesC2 = Comp2.Curves()

SetC20 = curvesC2.ltem("60%")

SetC21 = curvesC2.ltem("70%")

SetC22 = curvesC2.ltem("80%")

SetC23 = curvesC2.ltem("90%")

SetC24 = curvesC2.ltem("100%")

SetC25 = curvesC2.ltem("105%")

" Connects to the Spreadsheet: Curves2stg
SethySS2 = hyFlowsheet.Operations.ltem("Curves2stg")



‘Connects and reads value of cell F2 (Target IRhefSS2
SetlF_SS2 = hySS2.Cell(5, 1)
IF_SS2_target = IF_SS2.CellValue

'‘Connects to cells B5 - B11 of the SS2, Volumdgtmwv values:

SetQ1_SS2 = hySS2.Cell(1, 4)
SetQ2_SS2 = hySS2.Cell(1, 5)
SetQ3_SS2 = hySS2.Cell(1, 6)
SetQ4_SS2 = hySS2.Cell(1, 7)
SetQ5_SS2 = hySS2.Cell(1, 8)
SetQ6_SS2 = hySS2.Cell(1, 9)
SetQ7_SS2 = hySS2.Cell(1, 10)

‘Connects to cells C5 - C11 of the SS2, Polytréfead values:

SetHpl SS2 = hySS2.Cell(2, 4)
SetHp2_SS2 = hySS2.Cell(2, 5)
SetHp3_SS2 = hySS2.Cell(2, 6)
SetHp4_SS2 = hySS2.Cell(2, 7)
SetHp5_SS2 = hySS2.Cell(2, 8)
SetHp6_SS2 = hySS2.Cell(2, 9)
SetHp7_SS2 = hySS2.Cell(2, 10)

'‘Connects to cells D5 - D11 of the SS2, Polytrdgfficiency values:

SetEtapl_SS2 = hySS2.Cell(3, 4)
SetEtap2_SS2 = hySS2.Cell(3, 5)
SetEtap3_SS2 = hySS2.Cell(3, 6)
SetEtap4_SS2 = hySS2.Cell(3, 7)
SetEtap5_SS2 = hySS2.Cell(3, 8)
SetEtap6_SS2 = hySS2.Cell(3, 9)
SetEtap7_SS2 = hySS2.Cell(3, 10)

'Re-define time vector

j=0
ReDimdeltatime(0 To jAs Long

'----Do While loop

'‘Beginning of correction method iteration

'Variables to count number of changes made in eacle
a=0

b=0

Do While UserForml.press.ValueFue

' Shows the user dialog box
UserForm1.Show vbModeless

deltatime(j) = time_new - time_old

Set hyct = hylntegrator.CurrentTime
time_old = hyct.Value

' Calculates difference between Interpolatiantér of C100
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IF_SS1 current = IF_SS1.CellValue
'Debug.Print ("The current Interpolation FactoiGif00 is =") & IF_SS1_current

Delta_IF1 = Abs(IF_SS1_current - IF_SS1_target)
'Debug.Print ("The difference between the InterpotaFactors of C100 is = ") & Delta_IF1

If Delta_IF1 >=0.0TThen

'Holds the simulation
Let hyIntegrator.IsRunning Ealse

'Assigns new value for IF target value G0C
IF_SS1 target = IF_SS1_current

'Assigns the GVF value from HYSYS spreadsheet teceEspreadsheet
Worksheets("First impeller").[D61].ValuehySS1.Cell(1, 0).CellValue

Debug.Prin{("The Interpolation Factor of C100 will be re-cdbtied")

'Holds the simulation
Let hyIntegrator.IsRunning Ealse

'Sets new Q values for C100 Characterstige, at given GVF

Let Q1_SS1.CellValue = Worksheets("First impeller”).gL.¥alue
Let Q2_SS1.CellValue = Worksheets("First impeller").J&.¥alue
Let Q3_SS1.CellvValue = Worksheets("First impeller").8L.¥alue
Let Q4_SS1.CellValue = Worksheets("First impeller”) 8. ¥Value
Let Q5_SS1.CellValue = Worksheets("First impeller").pC.8&alue
Let Q6_SS1.CellValue = Worksheets("First impeller").j¢8&alue
Let Q7_SS1.CellValue = Worksheets("First impeller”).fJL.&alue

'Set new Hp values for C100 Characteriive, at given GVF

LetHpl_SS1.Cellvalue = Worksheets("First impeller"Yg).Value
Let Hp2_SS1.Cellvalue = Worksheets("First impeller")[D.Value
LetHp3_SS1.Cellvalue = Worksheets("First impeller"Yg).Value
LetHp4_SS1.Cellvalue = Worksheets("First impeller"YH).Value
Let Hp5_SS1.Cellvalue = Worksheets("First impeller"B[@.Value
Let Hp6_SS1.Cellvalue = Worksheets("First impeller"B[.Value
LetHp7_SS1.Cellvalue = Worksheets("First impeller"8@).Value

'Sets new Etap values for C100 Charactedstve, at given GVF

Let Etapl_ SS1.CellValue = Worksheets("First impell§E7}6].Value
Let Etap2_SS1.CellValue = Worksheets("First impell§E7}.7].Value
Let Etap3_SS1.CellValue = Waorksheets("First impell§E7F8].Value
Let Etap4_SS1.CellValue = Worksheets("First impellE79].Value
Let Etap5_SS1.CellValue = Worksheets("First impell@E80].Value
Let Etap6_SS1.CellValue = Worksheets("First impell@E81].Value
Let Etap7_SS1.CellValue = Worksheets("First impell@Eg2].Value

" Activates ALL the curves of C100
C10.ActivateCurve Frue
C11.ActivateCurve Frue
C12.ActivateCurve Frue
C13.ActivateCurve Frue
C14.ActivateCurve Frue



C15.ActivateCurve Frue
Compl.UsingCurvesF®ue

'Sets the correct value for the Constaimt iie anti-surge controller
The Excel cell E94 is exported to the 834 in the HYSYS SS1
Let hySS1.Cell(1, 23).CellValue = Worksls¢&tirst impeller").[E94].Value

'Activates again the curves to avoid problems
C10.ActivateCurve Frue

C11.ActivateCurve Frue

C12.ActivateCurve Frue

C13.ActivateCurve Frue

C14.ActivateCurve Frue

C15.ActivateCurve Frue
Compl.UsingCurvesF®ue

‘Activates the simulation
Let hylntegrator.IsRunning ¥rue

a-a+1
Else
'Debug.Print ("The Interpolation Factor of CMill not change™)
End If
' Calculates difference between Interpolatiantér of C200
IF_SS2_current = IF_SS2.CellValue

'‘Debug.Print ("The current Interpolation FaabC200 is =") & IF_SS2_current

Delta_IF2 = Abs(IF_SS2_current - IF_SS2_target)
'Debug.Print ("The difference between the lpddation Factors of C200 is =) & Delta_IF2

If Delta_IF2 >=0.0IThen

'Holds the simulation
Let hylntegrator.IsRunning £alse

Debug.Prin¢'The Interpolation Factor of C200 will be re-cdked")

'Assigns new value for IF target value @0G
IF_SS2_target = IF_SS2_current

'Assigns the GVF value from HYSYS spreadshe Excel spreadsheet
Worksheets("Second impeller").[D61].ValudySS2.Cell(1, 0).CellValue

'Holds the simulation
Let hyIntegrator.IsRunning Ealse

'Sets new Q values for C200 Characteristige, at given GVF

LetQ1l_SS2.CellvValue = Worksheets("Second impellerdgcvalue
Let Q2_SS2.CellvValue = Worksheets("Second impeller)qvalue
Let Q3_SS2.CellvValue = Worksheets("Second impellerdgvalue
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Let Q4_SS2.CellvValue = Worksheets("Second impellerdqvalue
Let Q5_SS2.CellvValue = Worksheets("Second impeller§(value
Let Q6_SS2.CellvValue = Worksheets("Second impellerg§cvValue
Let Q7_SS2.CellvValue = Worksheets("Second impellerg§qvalue

'Set new Hp values for C200 Charactersiive, at given GVF

LetHpl_SS2.CellvValue = Worksheets("Second impelldd7q].Value
Let Hp2_SS2.CellvValue = Worksheets("Second impelldd){].Value
Let Hp3_SS2.Cellvalue = Worksheets("Second impelldd7g].Value
Let Hp4_SS2.CellvValue = Worksheets("Second impelldd79].Value
Let Hp5_SS2.Cellvalue = Worksheets("Second impelldp§Q].Value
Let Hp6_SS2.CellvValue = Worksheets("Second impelldv§]].Value
LetHp7_SS2.CellvValue = Worksheets("Second impelldv§4].Value

'Sets new Etap values for C200 Characiegstve, at given GVF

Let Etapl_SS2.CellValue = Worksheets("Second impel[&76].Value
Let Etap2_SS2.CellValue = Worksheets("Second impel[&7)].Value
Let Etap3_SS2.CellValue = Worksheets("Second impel[&78].Value
Let Etap4_SS2.CellValue = Worksheets("Second impel[&79].Value
Let Etap5_SS2.CellValue = Worksheets("Second impel[&8p].Value
Let Etap6_SS2.CellValue = Worksheets("Second impel[&8)L].Value
Let Etap7_SS2.CellValue = Worksheets("Second impel[&8R].Value

" Activates ALL the curves of C200
C20.ActivateCurve Frue
C21.ActivateCurve Frue
C22.ActivateCurve Frue
C23.ActivateCurve Frue
C24.ActivateCurve Frue
C25.ActivateCurve Frue
Comp2.UsingCurvesHue

'Sets the correct value for the Constaimt iie anti-surge controller
‘The Excel cell E94 is exported to the 82# in the HYSYS SS2
LethySS2.Cell(1, 23).CellValue = Worksheets("Seconpelher").[E94].Value

'Activates again the curves to avoid protde
C20.ActivateCurve Frue
C21.ActivateCurve Frue
C22.ActivateCurve Frue
C23.ActivateCurve Frue
C24.ActivateCurve Frue
C25.ActivateCurve Frue
Comp2.UsingCurvesHue

‘Activates the simulation
Let hyIntegrator.IsRunning ¥rue

b=b+1
Else
'Debug.Print ("The Interpolation Factor of C20ill not change")

End If



'Reads the new simulation time value (time_new)
Sethyct = hyIntegrator.CurrentTime
time_new = hyct.Value

j=j+1
ReDimPreserve deltatime(0 To4)s Long

'Holds the simulation
Let hyIntegrator.IsRunning &alse

'‘Activates ALL the curves of C100 and C200
C10.ActivateCurve Frue
C11.ActivateCurve Frue
C12.ActivateCurve Frue

C13.ActivateCurve Frue

C14.ActivateCurve Frue O PT I O NAL

C15.ActivateCurve Frue
Compl.UsingCurves Frue

C20.ActivateCurve Frue
C21.ActivateCurve Frue
C22.ActivateCurve Frue
C23.ActivateCurve Frue
C24.ActivateCurve Frue
C25.ActivateCurve Frue
Comp2.UsingCurves Frue

'Activates the simulation

Let hyIntegrator.IsRunning ¥rue

DoEvents
Loop

'Deactivates the simulation
Let hyIntegrator.IsRunning &alse

'Creates a new vector eliminating the first antVatue of the deltatime vector
'due to the first value would be equal to the stgrsimulation time
‘and the last would be zero

ReDimdeltatimef(0 To j - 2As Long

Fori=1Toj-1
deltatimef(i - 1) = deltatime(i)
Next

'Deactivates the simulation
Let hyIntegrator.IsRunning £Ealse

Debug.Prin("The simulation has finished")

maxt = WorksheetFunction.Max(deltatimef)
Debug.Prin{"Maximum correction time is ") & maxt & (" secorijls
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mint = WorksheetFunction.Min(deltatimef)
Debug.Prini("Minimum correction time is ") & mint & (" secontls

avet = WorksheetFunction.Average(deltatimef)
Debug.Prin{("The average correction time is ") & avet & (" eads")

Debug.Prin{"The Curve C100 was changed ") & a & (" times")
Debug.Prin{"The Curve C200 was changed ") & b & (" times")

'Deactivates the simulation
Let hylntegrator.IsRunning £alse

End Sub
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D.2 Wood’s correction method

SubSimulation()

' Defines the time vectors
Dim deltatime()As Long
Dim deltatimef()As Long
Dim j As Integer

Dim i As Integer

Dim aAs Integer

Dim b As Integer

' Hides the user dialog box
UserForm1.Hide

' Creates an interface between CURRENT HYSYS fila the Script
SethyApp = CreateObject("HYSYS.Application™)
SethyCase = hyApp.ActiveDocument

' Connects to the Case Flowsheet
SethyFlowsheet = hyCase.Flowsheet

'‘Connects to Integrator
SethySolver = hyCase.Solver
Sethylintegrator = hySolver.Integrator

' The connections with the compressors and spretsiie done after the simulation is started and
outside the While Do Loop

=====C100 & SS1

' Connects to the compressor C100
SetCompl = hyFlowsheet.Operations.ltem("C100")

' Connects to the Characteristic Curves of C100
SetcurvesC1 = Compl.Curves()

SetC10 = curvesCl.ltem("60%")

SetC11 = curvesCl.ltem("70%")

SetC12 = curvesC1l.ltem("80%")

SetC13 = curvesC1l.ltem("90%")

SetC14 = curvesC1.ltem("100%")

SetC15 = curvesC1.ltem("105%")

' Connects to the Spreadsheet: Curveslstg
SethySS1 = hyFlowsheet.Operations.ltem("Curvesl1stg")

‘Connects and reads value of cell D2 (Target Wdad®r) of the SS1
SetW_SS1 = hySS1.Cell(3, 1)
W_SS1 target = W_SS1.CellvValue

'‘Connects to density values of SS1
Setrog_1 = hySS1.Cell(3, 0)
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Setrol_1 = hySS1.Cell(5, 0)

'‘Connects to cells B5 - B11 of the SS1, Volumdgtmwy values:
SetQ1_SS1 = hySS1.Cell(1, 4)

SetQ2_SS1 = hySS1.Cell(1, 5)

SetQ3_SS1 = hySS1.Cell(1, 6)

SetQ4_SS1 = hySS1.Cell(1, 7)

SetQ5_SS1 = hySS1.Cell(1, 8)

SetQ6_SS1 = hySS1.Cell(1, 9)

SetQ7_SS1 = hySS1.Cell(1, 10)

‘Connects to cells C5 - C11 of the SS1, Polytréfead values:
SetHp1_SS1 = hySS1.Cell(2, 4)

SetHp2_SS1 = hySS1.Cell(2, 5)

SetHp3_SS1 = hySS1.Cell(2, 6)

SetHp4_SS1 = hySS1.Cell(2, 7)

SetHp5_SS1 = hySS1.Cell(2, 8)

SetHp6_SS1 = hySS1.Cell(2, 9)

SetHp7_SS1 = hySS1.Cell(2, 10)

'‘Connects to cells D5 - D11 of the SS1, Polytrdgfficiency values:
SetEtapl_SS1 = hySS1.Cell(3, 4)

SetEtap2_SS1 = hySS1.Cell(3, 5)

SetEtap3_SS1 = hySS1.Cell(3, 6)

SetEtap4_SS1 = hySS1.Cell(3, 7)

SetEtap5_SS1 = hySS1.Cell(3, 8)

SetEtap6_SS1 = hySS1.Cell(3, 9)

SetEtap7_SS1 = hySS1.Cell(3, 10)

'========= C200 & SS2

" Connects to the compressor C200
SetComp2 = hyFlowsheet.Operations.ltem("C200")

' Connects to the Characteristic Curves of C200
SetcurvesC2 = Comp2.Curves()

SetC20 = curvesC2.ltem("60%")

SetC21 = curvesC2.ltem("70%")

SetC22 = curvesC2.ltem("80%")

SetC23 = curvesC2.ltem("90%")

SetC24 = curvesC2.ltem("100%")

SetC25 = curvesC2.ltem("105%")

' Connects to the Spreadsheet: Curves2stg
SethySS2 = hyFlowsheet.Operations.ltem("Curves2stg")

'‘Connects to density values of SS2
Setrog_2 = hySS2.Cell(3, 0)
Setrol_2 = hySS2.Cell(5, 0)

'‘Connects to cells B5 - B11 of the SS2, Volumdgtmw values:
SetQ1l_SS2 = hySS2.Cell(1, 4)
SetQ2_SS2 = hySS2.Cell(1, 5)
SetQ3_SS2 = hySS2.Cell(1, 6)
SetQ4_SS2 = hySS2.Cell(1, 7)



SetQ5_SS2 = hySS2.Cell(1, 8)
SetQ6_SS2 = hySS2.Cell(1, 9)
SetQ7_SS2 = hySS2.Cell(1, 10)

‘Connects to cells C5 - C11 of the SS2, Polytréfead values:
SetHp1_SS2 = hySS2.Cell(2, 4)

SetHp2_SS2 = hySS2.Cell(2, 5)

SetHp3_SS2 = hySS2.Cell(2, 6)

SetHp4_SS2 = hySS2.Cell(2, 7)

SetHp5_SS2 = hySS2.Cell(2, 8)

SetHp6_SS2 = hySS2.Cell(2, 9)

SetHp7_SS2 = hySS2.Cell(2, 10)

'‘Connects to cells D5 - D11 of the SS2, Polytrdgfiiciency values:
SetEtapl_SS2 = hySS2.Cell(3, 4)

SetEtap2_SS2 = hySS2.Cell(3, 5)

SetEtap3_SS2 = hySS2.Cell(3, 6)

SetEtap4_SS2 = hySS2.Cell(3, 7)

SetEtap5_SS2 = hySS2.Cell(3, 8)

SetEtap6_SS2 = hySS2.Cell(3, 9)

SetEtap7_SS2 = hySS2.Cell(3, 10)

'====Sets the fixed values for volumetric flows afficiencies of the compressors
'====These values are indepent of the GVF

'Sets new Q values for C100

Let Q1_SS1.CellvValue = Worksheets("First impeller").pQC¥alue
Let Q2_SS1.CellValue = Worksheets("First impeller”).jC¥alue
Let Q3_SS1.CellValue = Worksheets("First impeller”).fL.¥alue
Let Q4_SS1.CellValue = Worksheets("First impeller").Bi¥alue
Let Q5_SS1.CellvValue = Worksheets("First impeller”) fiC¥alue
Let Q6_SS1.CellValue = Worksheets("First impeller”) 5% alue
Let Q7_SS1.CellValue = Worksheets("First impeller").T¥alue

'Sets new Etap values for C100

Let Etapl_SS1.CellValue = Worksheets("First impell@E30].Value
Let Etap2_SS1.CellValue = Worksheets("First impellfg31].Value
Let Etap3_SS1.CellValue = Worksheets("First impell§@E32].Value
Let Etap4_SS1.CellValue = Worksheets("First impell§E33].Value
Let Etap5_SS1.CellValue = Worksheets("First impell§E34].Value
Let Etap6_SS1.CellValue = Worksheets("First impellfE35].Value
Let Etap7_SS1.CellValue = Worksheets("First impell@E36].Value

" Activates ALL the curves of C100
C10.ActivateCurve Jrue
C11.ActivateCurve Jrue
C12.ActivateCurve Jrue
C13.ActivateCurve Jrue
C14.ActivateCurve Jrue
C15.ActivateCurve Jrue

Comp1l.UsingCurves Frue
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'Sets new Q values for C200

Let Q1_SS2.CellValue = Worksheets("Second impellerjqvalue
Let Q2_SS2.CellValue = Worksheets("Second impellerjcvalue
Let Q3_SS2.CellvValue = Worksheets("Second impellerjqvalue
Let Q4_SS2.CellValue = Worksheets("Second impellerj3value
Let Q5_SS2.CellValue = Worksheets("Second impellerj4cvalue
Let Q6_SS2.CellvValue = Worksheets("Second impellerjgvalue
Let Q7_SS2.CellvValue = Worksheets("Second impellerjdvalue

'Sets new Etap values for C200

Let Etapl_SS2.CellValue = Worksheets("Second impel[&4p].Value
Let Etap2_SS2.CellValue = Worksheets("Second impel[&24]].Value
Let Etap3_SS2.CellValue = Worksheets("Second impel[&4P].Value
Let Etap4 SS2.CellValue = Worksheets("Second impel[&48].Value
Let Etap5_SS2.CellValue = Worksheets("Second impel[&4¥].Value
Let Etap6_SS2.CellValue = Worksheets("Second impel[&4b].Value
Let Etap7_SS2.CellValue = Worksheets("Second impel[&45].Value

" Activates ALL the curves of C200
C20.ActivateCurve True
C21.ActivateCurve True
C22.ActivateCurve Jrue
C23.ActivateCurve Jrue
C24.ActivateCurve True
C25.ActivateCurve Jrue

Comp2.UsingCurves Frue

'Reads the current simulation time value (time_new)
Sethyct = hyIntegrator.CurrentTime

time_new = hyct.Value

Debug.Print ("The current/starting simulation tiree= ") & time_new & (" seconds")

‘Activates the simulation
Let hyIntegrator.IsRunning ¥rue

time_old =0

j=0

ReDimdeltatime(0 To j)As Long
'----Do While loop

Do WhileUserForml.press.Value®ue

' Shows the user dialog box
UserForml1.Show vbModeless

deltatime(j) = time_new - time_old
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Sethyct = hylntegrator.CurrentTime
time_old = hyct.Value

' Calculates difference between Wood's Fadt@1®0
W_SS1_current = W_SS1.CellValue
'‘Debug.Print ("The current Wood's Factor of CiH=") & W_SS1 current

Delta_ W1 = Abs(W_SS1_current - W_SS1 _target)
'Debug.Print ("The difference between the Weddictors of C100 is = ") & Delta W1

If Delta_ W1 >=0.0Then

'Holds the simulation
Let hylntegrator.IsRunning £alse

'‘Assigns new value for W target value of C100
W_SS1 target =W_SS1_current

'‘Assigns the GVF and density values from HYSY S agsbeet to Excel spreadsheet
Worksheets("First impeller").[D25].ValuehySS1.Cell(1, 0).CellValue
Worksheets("First impeller").[D26].Valuereg_1.CellValue

Worksheets("First impeller").[D27].Valuerel_1.CellValue

Debug.Prin{("The Interpolation Factor of C100 will be re-cdktied")

'Holds the simulation
Let hylntegrator.IsRunning £alse

'Set new Hp values for C100

LetHpl_SS1.Cellvalue = Worksheets("First impeller"3[@.Value
LetHp2_SS1.Cellvalue = Worksheets("First impeller"3{).Value
Let Hp3_SS1.Cellvalue = Worksheets("First impeller"A).Value
LetHp4_SS1.Cellvalue = Worksheets("First impeller"4f).Value
LetHp5_SS1.Cellvalue = Worksheets("First impeller"f).Value
LetHp6_SS1.Cellvalue = Worksheets("First impeller"i).Value
LetHp7_SS1.Cellvalue = Worksheets("First impeller"g).Value

" Activates ALL the curves of C100
C10.ActivateCurve Frue
C11.ActivateCurve Frue
C12.ActivateCurve Frue
C13.ActivateCurve Frue
C14.ActivateCurve Frue
C15.ActivateCurve Frue
Compl.UsingCurvesF®ue

'Sets the correct value for the Constant C in tliesairge controller
'The Excel cell E61 is exported to the 82# in the HYSYS SS1
LethySS1.Cell(1, 23).CellValue = Worksheets("First ethgr*).[E61].Value

'Activates again the curves to avoid protde
C10.ActivateCurve Frue
C11.ActivateCurve Frue
C12.ActivateCurve Frue
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C13.ActivateCurve Frue
C14.ActivateCurve Frue
C15.ActivateCurve Frue
Comp1l.UsingCurvesFue

‘Activates the simulation
Let hyIntegrator.IsRunning Frue

a=a+l
Else
'‘Debug.Print ("The Wood's Factor of C100 wok mhange™)
End If

' Calculates difference between Wood's Factor @0C2
W_SS2 current = W_SS2.CellValue
'Debug.Print ("The current Wood's Factor of C&)=") & W_SS2_current

Delta_ W2 = Abs(W_SS2_current - W_SS2_target)
'Debug.Print ("The difference between the Weédictors of C200 is =") & Delta W2

If Delta_W2 >=0.0TThen

'Holds the simulation
Let hyIntegrator.IsRunning Ealse

'Assigns new value for W target value of C200
W_SS2_target = W_SS2_current

'Assigns the GVF and density values from3Y$% spreadsheet to Excel spreadsheet
Worksheets("Second impeller").[D25].ValudySS2.Cell(1, 0).CellValue
Worksheets("Second impeller").[D26].Valueog_2.CellValue

Worksheets("Second impeller").[D27].Valueot 2.CellValue

Debug.Prin¢'The Interpolation Factor of C200 will be re-cdked")

'Holds the simulation
Let hyIntegrator.IsRunning Ealse

'Set new Hp values for C200

LetHpl SS2.Cellvalue = Worksheets("Second impelldp3(].Value
LetHp2_SS2.CellvValue = Worksheets("Second impelldv31].Value
Let Hp3_SS2.Cellvalue = Worksheets("Second impelldd3Z3].Value
LetHp4_SS2.Cellvalue = Worksheets("Second impelldp33].Value
Let Hp5_SS2.CellvValue = Worksheets("Second impelldd34].Value
Let Hp6_SS2.CellvValue = Worksheets("Second impelldv34].Value
LetHp7_SS2.Cellvalue = Worksheets("Second impelldd3g].Value

" Activates ALL the curves of C100
C20.ActivateCurve Frue
C21.ActivateCurve Frue
C22.ActivateCurve Frue
C23.ActivateCurve Frue
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C24.ActivateCurve Frue
C25.ActivateCurve Frue
Comp2.UsingCurvesFue

'Sets the correct value for the Constaint fBe anti-surge controller
‘The Excel cell E61 is exported to the 82# in the HYSYS SS2
LethySS2.Cell(1, 23).CellValue = Worksheets("Seconpelier").[E61].Value

‘Activates again the curves to avoid problems
C20.ActivateCurve Frue

C21.ActivateCurve Frue

C22.ActivateCurve Frue

C23.ActivateCurve Frue

C24.ActivateCurve Frue

C25.ActivateCurve Frue
Comp2.UsingCurvesBue

'Activates the simulation
Let hylntegrator.IsRunning ¥rue

b=b+1

Else
'Debug.Print ("The Interpolation Factor of C20il not change")
End If

'Reads the new simulation time value (time_new)
Sethyct = hyIntegrator.CurrentTime
time_new = hyct.Value

j=j+1
ReDimPreserve deltatime(0 To4)s Long

'Holds the simulation
Let hyIntegrator.IsRunning £alse

'‘Activates ALL the curves of C100 and C200
C10.ActivateCurve Frue
C11.ActivateCurve Frue
C12.ActivateCurve Frue

C13.ActivateCurve Frue

C14.ActivateCurve Frue O PT I O NAL

C15.ActivateCurve Frue
Comp1l.UsingCurves Frue

C20.ActivateCurve Frue
C21.ActivateCurve Frue
C22.ActivateCurve Frue
C23.ActivateCurve Frue
C24.ActivateCurve Frue
C25.ActivateCurve Frue
Comp2.UsingCurves Frue
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'Activates the simulation
Let hyIntegrator.IsRunning ¥rue

DoEvents
Loop

'Deactivates the simulation
Let hyIntegrator.IsRunning £&alse

'Creates a new vector eliminating the first antVatue of the deltatime vector

'due to the first value would be equal to the stgrsimulation time
‘and the last would be zero

ReDimdeltatimef(0 To j - 2As Long

Fori=1Toj-1
deltatimef(i - 1) = deltatime(i)
Next

'Deactivates the simulation
Let hyIntegrator.IsRunning £Ealse

Debug.Prin{("The simulation has finished")

maxt = WorksheetFunction.Max(deltatimef)
Debug.Prin{"Maximum correction time is ") & maxt & (" secorijls

mint = WorksheetFunction.Min(deltatimef)
Debug.Prini("Minimum correction time is ") & mint & (" secontys

avet = WorksheetFunction.Average(deltatimef)
Debug.Prin{("The average correction time is ") & avet & (" eads")

Debug.Prin{"The Curve C100 was changed ") & a & (" times")
Debug.Prin{("The Curve C200 was changed ") & b & (" times")

'Deactivates the simulation
Let hyIntegrator.IsRunning £Ealse

End Sub
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Appendix E

Gas composition:

Gas and condensate compositions

Mole
Component Fractions
Methane 0.8200
Ethane 0.0800
Propane 0.0400
n-Butane 0.0100
n-Pentane 0.0050
n-Hexane 0.0005
H20 0.0000
CO2 0.0300
Nitrogen 0.0060
i-Butane 0.0050
i-Pentane 0.0035
Molecular weight (kg/kmol) 20.34
Condensate composition:
Mole
Component Fractions
n-Butane 0.25
n-Pentane 0.15
n-Hexane 0.2
i-Butane 0.25
i-Pentane 0.15
Molecular weight (kg/kmol) 67.94
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