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Attilio Brighenti
and Daniele Cazzin,
S.A.T.E. Systems and
Advanced Technologies
Engineering, Italy, report
the findings from a
transient dynamic
analysis undertaken
as part of a capacity
upgrade at a large gas
processing facility.

.A.T.E. performed a transient/dynamic
response study of a four train/four stage
compression facility on behalf of an
important Asian oil company. The facility was
located within a large gas processing complex
due to be upgraded to manage a larger flow
capacity. The study was needed to check
which problems might arise when integrating
different compressors from various original
equipment manufacturers (OEM) in the same
installation to operate concurrently at several
combinations of working trains.
Various start up and shut down transients were simulated, as well as
changes of inlet pressure and back pressure, valve faults and driver trip
events. This was done in order to verify and tune the antisurge valve (ASV)
size and controllers, and the response of the performance and load sharing
controllers.
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Complex dynamic and control interactions were identified using the
qualified COMPSYS™ simulation software environment,1 - 6 which
allowed accurate simulation of the highly complex interactions among
the 16 centrifugal machines, their drivers, the plant and the controls.

Transient dynamic simulation
Scope
The dynamic simulations regarded the study of the transient operation
of four compression trains driven by four gas turbines (Figure 1),
working in parallel during normal and emergency operations. The two
existing trains, compressors and gas turbines were supplied by OEM1,
the two other trains were supplied by OEM2. The total gas flow rate
delivered by operating all four trains was approximately 140 000 Sm3/
hr, for a total power of approximately 30 MW to compress a mixture of
mainly methane and carbon dioxide from 1 to 62 bar.
The complexity of this large plant (over 2500 m and 840 m3 of
piping) required a huge work, including data collection and
preprocessing, checking of consistencies and setup of synthetisation
criteria, because the various signals all had relevance to the results. Also,
the model build up required a record amount of memory during
simulations, as huge numbers of output signals were generated, along
with over 2000 state variables. The total number of runs delivered to
cover the entire scope of work was over 100.

Simulation results
Steady states in open loop
Open loop steady state simulations were performed to identify a reference
stable operating condition of the plant and compare the dynamic simulation
study (DSS) results with the heat and material balance (H&MB).
For the OEM2 train (running at normal condition), the simulated plant
presented few percent deviations from the H&MB at the nominal first stage
compressor speed. This was very acceptable for the purpose of the DSS.
The OEM1 trains (running at operating conditions and at the
nominal speed value) would have been in surge conditions if the ASVs
were fully closed. Therefore, partial ASV opening was necessary to find
stable steady states. This surprisingly anomalous situation supported
reports from the field by the client operators.

Controllers tuning
The first dynamic series of simulations was performed to tune the gains
of the anti surge controller (ASC). In comparison to the OEM2 train, it was

Figure 1. Outline of the gas compression plant simulated.
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found that higher margins from the nominal surge limit line were
necessary for the OEM1 trains to avoid surge phenomena.
With the usual margin of 10%, the ASC would work in an unstable
compressor map zone and could not prevent surge. Figure 2 presents
an example map of one stage of the OEM1 compressor. The blue line
represents the surge limit line (SLL); the red shows the common 10%
margin from SLL; the green notes the 25% margin from SLL. The
compressor curves, between the surge line and the one with a margin
of 10%, present almost no slope, thus inducing an intrinsic instability as
the operating point moves fast rightwards, even after a low discharge
depressurisation by a small opening of the ASV and vice versa. The ASC
therefore had a very high gain in open loop mode, which then yielded
instability in closed loop. Considering the myriad situations that can
arise during field tuning, it was concluded that a margin of 25% from
the SLL for the fist stage, and 20% for the other stages, had to be
implemented for the ASC of the OEM1 trains. This is particularly
important when coupled with the new compressors by OEM2.
Additionally, a slightly higher margin than usual was required for the
OEM2 trains. 15% (instead of 10%) was needed for all the four stages in
order to achieve stable operation, given the significant interaction among
the four stages.
After the tuning of the ASC, the performance controller (PC) was
implemented. Here, the plant provided the imposed value of mass flow
rate and, alternatively or concurrently, maintained the imposed pressure
in the suction header.
Furthermore, a virtual load sharing (LS) control function was
implemented (even if it did not exist in the real plant controller) in order
to subdivide the load among the running trains, namely the mass flow
rate, according to the normal control criteria by the operator.
The above findings can be applied in multiple situations when new
compressors from a different manufacturer need to be added to existing
ones. This occurs regularly due to the open competition maintained by
oil and gas companies, and also because of the evolution of plants’
needs, which often dictate that different characteristics of compressors
are needed at various development phases of the field life.

Start up
The start up simulations for such a complex compressor plant were
undertaken to verify the procedure defined by the client and the OEMs,
confirm the correct path of the operating point through the maps of the
various stages, prior and after the ASC activation, and finally detail the
torque margins of the drivers during the acceleration phase, taking into
consideration the summer conditions that yield the least gas turbine

power. The start up simulations were performed according to the
procedure specified by the client for a typical normal condition.
Several runs were executed to analyse the behaviour of the plant
while one train was starting, respectively with zero, one, two or three
train(s) running.
No anomalous conditions (no surge) were observed during the
sequence. One interesting result was that the two sets of compressors
took different times to achieve the discharge pressure and the target
mass flow rate (Figure 3). Moreover, the large discharge piping, which
totalled approximately 30 m3, took a long time to be pressurised by the
compressors of the last stages. This induced the operating points to go
beyond the stone wall line due to the low compressor ratio
corresponding to the delivered flow rate.
For example, the third and fourth stage OEM2 compressors enter the
stone wall zone in the higher part of the speed range, reaching a correct
operating point only after the speed up ramp end, when their ASVs
close (Figure 4).
Furthermore, when simulating the start up of one train while others
were running, there was an interaction between the starting and the
running trains. This induced some small oscillations that were
extinguished when the plant reached a balanced flowing condition.
Another parameter monitored in the start up simulations was the
higher dynamic pressure in the heat exchangers, which reached
temporary peaks of more than twice the reference values. This is useful
for the verification of transient fluid dynamic overload of the heat
exchangers during the start up sequence.

Normal stop
The normal stop simulations also showed the different behaviour of the
two sets of compressors. Figure 5 shows the second and third stage
maps of both types of compressors. In the normal stop of an OEM1 train,
the first two stages remained in the safe zone of the maps while the last
two went into surge for approximately 5 secs. This occurred after the
coast down to the minimum driver operating speed with all ASVs open,
when the stop command was given to the gas turbine. In the normal stop
of an OEM2 train following the same procedure, the first and the second
stages went into surge for approximately 1 sec, while the last stages
presented a longer surge of approximately 8 secs.
The different behaviour of the first two stages of the two
compressors can be explained by the fact that the first two stages of
both machines tend to go into surge, on trip coast down, at high speed
only. The third and fourth stages surge over a wider speed coast down
range, as confirmed by trip simulations.
Since the minimum speed of the OEM1 train was 75% that of the
OEM2 train, during normal stop the OEM1 is tripped at a low enough
speed as to prevent surge of the first two stages. On the contrary, the
OEM2 train is tripped at critical speed for the event.

Figure 2. Example of a flat map close to the SLL causing possible ASC
instability due to interaction with other controllers and multitrain systems.

Also during normal stop, when the trains run at minimum operation
speed, the dynamic pressure in the heat exchangers peaks beyond the
normal values. This is because the stages treat a higher value of mass
flow rate in full recycle. The results of this series of simulations included
the final conditions of each run, namely the settle out pressure (SOP) and
settle out temperature (SOT), which differed in the various cases.

Driver emergency shut down
In the trip runs, surge occurs in all stages of all compressors, despite the
fact that the ASVs and the suction blow down valves (BDV) were opened
concurrently with the trip command. The valve stroke dead time, typical
of pneumatic actuation system depressurisation, was considered.
The first two stages of the trains showed short surge: approximately
1 sec for OEM1 and approximately 4 secs for OEM2. The third and the
fourth stages showed a longer surge, lasting approximately 10 secs both
for OEM1 and OEM2.
A possible remedy to this problem could have been the installation
of a hot bypass valve for each stage, the effectiveness of which could be
proven by trial simulations. However, both OEMs stated that some surge
during trip was normal, due to the severity of the event, and that their
equipment could have withstood this surge.
The running trains, which remained after the first trip, continued
under normal conditions with all controllers enabled. The PC tried to
maintain the imposed mass flow rate set point by accelerating the
remaining drivers until maximum driver torque was reached.
Transient excess values were also found for the dynamic pressure in
the heat exchangers, the compressor discharge temperature of the tripping
train and the suction pressure. SOP and SOT were derived from these
simulations, showing differences between the trip of OEM1 trains and
OEM2 trains.

Process disturbances
These simulations were meant to explore the behaviour of the plant
during process disturbances. This involves the change in suction and

Figure 3. Comparison of the discharge pressure rise in the fourth stage
during start up of a single train (red: OEM1, blue: OEM2).

Figure 4. Operating point of the third stage (A) and fourth stage (B) of the
OEM2 compressor during start up.
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A significant interaction among the various trains and the controllers
was also visible, due to the long settling time of the plant to balance the
changed conditions. These findings were relevant not only for automatic
operation of the compressors, but also for operators training to manually
change the set points, as foreseen in the operations manuals.

Emergency and faults operations

Figure 5. Comparison of the operating point path of the second stage (A)
and third stage (B) of the OEM1 compressor and the corresponding stages (C
and D) of the OEM2 compressor during normal stop from the same condition.
discharge pressure (in suction and discharge mass flow rate) when any
combination of the plant trains (one to four) was running steadily in
normal condition.
Most interesting was the simulation of the increase of the outlet
back pressure to the whole station, from the nominal value
(approximately 60 bar) to the maximum design value for the fourth stage
compressors (approximately 75 bar).
These simulations showed the different behaviours of the various
sets of trains stemming from the very different maps of the
compressors. During the transient, the OEM1 trains in particular entered
full recycle conditions when the fourth stage discharge non-return
valves (NRV) closed. This was because of the pressure difference
between the boundary condition and that achievable by the
compressors.
With the OEM2 trains running, when the NRVs of the last stage
closed, the blow down valve at the discharge of the fourth stage opened.
This occurred when the relief pressure had been reached, at an
intermediate value between the two. The OEM2 trains were then in
flowing conditions to the vent line, through the pressure safety
valve (PSV) of the last stages. This was the most relevant result of these
simulations. The different behaviour of the OEM2 and OEM1 trains was
due to the different discharge pressure achievable by the two pairs of
compressors.
In all the simulations of this series, the compressors generally
operated in the safe zone of the maps, under ASC. The behaviour of all
controllers proved adequate, even if in some cases the request of the PC
was not met because the drivers reached their maximum torque. The
load sharing controller (LSC) implemented could balance the mass flow
rate among the running trains, when torque was sufficient.
The behaviour of this controller was interesting. Its gains were tuned
for the plant with four trains running in normal conditions. Under these high
flow conditions, the plant damping of any oscillating flow and pressure in
the common headers is at a maximum. When less than four trains run, this
damping is reduced and the closed loop system consequently takes longer
to stabilise because of the large volumes of the piping.
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Several runs of this type were performed to verify the behaviour of the
plant with the four trains running, either after the fail close event of one
isolation valve, suction, interstage or discharge, or after the fail open
event of one ASV in any stage of one new train by OEM2.
The fail closing event of one suction isolation valve (first, second,
third or fourth stage) triggered the shut off of the flow in the whole train
within which this fault event was simulated to happen. The relevant ASVs
opened, yet only after a short surge in the same stage and in some of the
adjacent stages of the same train. In order to compensate for the lack of
one train, the PCs and the virtual LS increased the speed set points to all
the others, up to the maximum driver torque limit. As a result, the overall
mass flow rate sets below the target value.
The opening of one ASV proved to have different effects depending
on the stage of the failing valve. If the failing ASV belonged to the first,
second or third stages, it induced a reduction in the mass flow rate
delivered by the faulty train. In fact, the compressor ratio of the
compressor with the faulty ASV reduces. The other stages self adapt,
bringing themselves to a lower flow rate via fluid dynamic balance. This
then increases their compression ratio and maintains the discharge
pressure at the required value. During these transients, some short surges
occurred because of the somewhat tight valve size, with no significant
influence.
Instead, the opening of the fourth stage ASV induced the full recycle
and halted delivery by that ASV train, causing a short surge but only to
the second stage.
This kind of event caused the highest exceeding of the dynamic
pressure in the heat exchangers, in particular in the faulty train. This was
up to 3.5 times higher than the normal operation value.

Conclusion
The simulations performed in this transient/dynamic response study
provided many useful results for the plant operator, the engineering
company and the OEMs producing the rotating machines. The
independent evaluation of this difficult plant upgrade, which involved the
integration of machines of different characteristics, was an essential aid
to the end client. It allowed them to induce clear positions from the
responsible parties in front of the proven plant, and revealed equipment
reactions to the simulated operational situations and events. Simulations
can therefore be helpful, not only when making design choices, but also
by clarifying the positions of the responsible parties for each item of a
complex system supply.
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