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T

he dynamic simulation of reciprocating compressor
systems for pressure pulsations analysis, to verify
compliance with API 618 standard (approaches 2
and 31), is standard practice in the gas industry, yet the
dynamic interaction between the machine and the plant
is not always correctly addressed. For compressors
operating at fixed conditions (pressure, temperature, gas,
speed), finding critical pressure pulsations, if present,
can be obtained by a limited number of case runs, mostly
determined by piping geometry variants.
In the case of reciprocating compressors operating
at ever widening duty conditions, in particular at variable
speed, this pressure pulsation analysis becomes more
complex. The number of simulation runs needed to
reliably evaluate a plant response to pressure pulsations
increases rapidly if each run is performed at fixed speed
conditions, since small speed steps are required (Figure 1).
The pressure pulsations input to the plant vary greatly in
frequency and amplitude with the machine speed and both
the plant response and the pressure signals at the interface
with the compressor change with that variable.
The system behaviour becomes even more complex in
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the case of two or more compressors working in parallel if
they are connected to a common piping network at either
the suction or discharge side. This implies the overlap
and interaction among the pressure pulsations generated
by the various machines, in particular if the speed of the
compressors differs even by a small percentage.
This article describes an optimised simulation method,
complementing the approach used and presented by
the authors in previous papers (Brighenti et al.3,4,5), more
suitable for analysing reciprocating compressors operating
at variable speed and duty conditions, which aims at
enhancing the cost effectiveness of a complete pressure
pulsations analysis complying with API 618 standards,1
with no loss or, rather, improvement of quality when
compared to a fixed step scan of the speed range.
This new method assumes simulation runs performed
by continuously varying the crankshaft speed to identify
the critical speeds, in the operating range specified, and
the plant areas showing high pressure pulsations (Figure 1).
This phase is then followed by a complete analysis of the
piping pressure pulsations response at the critical speeds
and operating conditions identified. Where necessary,

Reprinted from November2009   HydrocarbonEngineering

remedies are defined by conventional approaches, but with
a more powerful method to cover a full range of conditions
with the necessary accuracy, given that often, remedies for
one condition make others become critical.
This simulation method was recently applied to the
analysis of a real compression system for wells injection of
natural gas, consisting of two reciprocating compressors,
each with two compression stages, double effects
cylinders, valve unloaders and working either in parallel or
stand alone.

Figure 1. Comparison between fixed step constant speed approach
and continuous speed variation approach in pulsation analyses.

Compressor simulation by
continuous variable speed
In compression systems with reciprocating compressors,
the pressure pulsations at the plant flange, induced by the
machine, depend on the operating conditions, primarily
on the speed and piping geometry for those conditions
that depend on isolation valves setting. While the variation
of the pressure and the main cylinders effect unloading
(by suction valves held open) can be analysed reliably
even by considering a step scanning of a few meaningful
combinations within the operating range, the speed cannot.
Continuous variation of the compressor rotating
speed is the most critical parameter from the point of
view of pressure pulsations, since it determines the
input fundamental frequency and harmonics and their
possible overlap with the plant acoustic resonances. It is
very likely that one or more of these resonances, in the
piping connected to the reciprocating compressor, will be
encountered with this type of machine.
It is worth recalling that the acoustical transfer function
of a piping system around its resonance frequencies shows
a very peaked pattern, the peak being higher and its width
being narrower, the lower being the damping factor of the
acoustic response modes, usually very low. As an example,
with typical values of the acoustic damping factor ζ between
0.001 and 0.01, the response amplitude would decay to less
than 10% of the resonance peak, with an input frequency
offset from the resonance of just ±0.2% to ±2% (Figure 22).
The existence of an acoustic resonance, therefore, might be
missed if a fixed step exploration of the input frequency were
made by steps larger than these very small figures.
For this reason, the pressure pulsations analysis of
a plant performed by fixed machine speed steps would
require a large number of simulation runs to be reliable.

Simulation method

Figure 2. Forced response amplitude of a single degree of freedom
system (or of one uncoupled mode), around the resonance frequency
ωn. Both the reactive component and the dissipative components
show a highly peaked pattern around the resonance that is the
narrower the smaller the mode damping factor ζ.

Figure 3. Comparison between the simulations of variable speed
compressors performed by increasing and decreasing speed ramps.
Maximum peak to peak pressure pulsations, versus compressor
speed, are referred to the API 618 peak to peak limit.

The developed analysis method foresees the integrated
simulation of the reciprocating compressors and plant
dynamics (e.g. by programmes such as ACUSCOMP™
and ACUSYS®3,4,5), the machine speed being varied from
the minimum to the maximum of its range, by a sufficiently
slow ramp. In this way, it is possible to obtain a quasi
steady condition every time, with a limited influence of the
system transient response compared to the forced one.
The pulsation inputs at the piping flange assume every
possible fundamental frequency and harmonics thereof,
thus catching any resonance falling in the range explored.
The compressor speed acceleration ramp during the
simulation is not to be compared with the compressor
acceleration in the real working conditions, e.g. on
startup or coast down. The aim is not to simulate these
operational transients, but rather to approximate the
steady response at every possible compressor speed,
with a single simulation run, with no a priori knowledge of
any critical conditions. The result of this method would be
independent from the direction of the ramp, with very small
accelerations. However, accepting, as a trade off, a slight
difference in the response between ramp up and ramp
down would not cause any resonance to disappear, which
would reduce the validity of the results.
Typical values of this virtual acceleration, suitable for
obtaining a quasi steady condition, are lower than 0.5% of
the maximum compressor speed per second (e.g. 5 rpm/s
for a 1000 rpm compressor).
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Figure 3 shows the comparison of the results
obtained by a ramp up acceleration (green line) of the two
compressors system, with those obtained by the reverse
ramp direction (red line). It is evident that the pressure
pulsations response is slightly influenced by the transient
condition, but the difference between the pulsation peak
speeds in the two ramps is less than 1% of the maximum
compressors speed. This is sufficient to identify the critical
conditions and to analyse them in greater detail.
The simulations were carried out using ACUSYS® and
ACUSCOMP™ (Brighenti et al.3,4,5) The former calculates,
in the frequency and time domains, the linear acoustic
response of the fluid medium in a plant, providing, among
other outputs, the complete plant transfer function (TF).
The other simulates, in the time domain, the full
non-linear dynamic response of the system, including
the piping TF, thus considering the interaction between
the reciprocating compressor and the piping plant and
its effects on the pressure pulsations. The non-linear
kinematic, thermodynamic and fluid dynamic behaviour of
the machine are completely simulated, with regard to all the
compressor components: cylinder, valves, plena.

Figure 4. 3D view of the ratio between peak to peak pressure
pulsations and API 618 limit versus reference compressor speed
(instantaneous average between two compressors speed) along the
main plant piping sections. The largest pulsations occur within the
dampers.

Compressors operating
in parallel
In the case of various compressors working in parallel and
connected, even partly, to a common plant piping, it is
necessary to consider the superposition of the pressure
pulsations induced by the machines, which is non-linear,
despite the good linearity of the acoustics, due to the
internal physics of the machines.
The angular phases among the machines cannot
be assumed as known fixed parameters, since the
compressors are driven by different motors and startup
begins from a random crankshaft position. Moreover, the
real shaft speed could be slightly different from the set
point; this yields an even slower varying phase difference
among the pulsations generated by the compressors.
This extreme variability of the input signal frequency
requires an adequate analysis to consider the acoustical
beat (combination of two pulsations with a small difference
in frequency that results in a low frequency amplitude
modulated signal) and its effect on the system response.
In the following two parallel compressors example, the
two machines/plants system was simulated in the time
domain by setting a speed shift of +2% and -2% from
the reference speed value, i.e. the average of the two, in
order to consider the beat onset and all possible phase
combinations influencing the response amplitude in the
shared piping parts.
The results obtained by this simulation for the
common piping may show pressure pulsations peak
pairs at apparently different speeds (e.g. Figures 4 and 5),
one corresponding to the condition in which the faster
compressor crosses a resonance speed, the other when
the slower compressor does. The absolute speeds of the
compressors in these peaks are the same, due to the nearly
symmetrical geometry of that specific plant with regards to
the mode associated with the following resonance example.

Case study
The plant analysed by this new technique consists of two
natural gas reciprocating compressors, each with two
stages, three double effect cylinders per stage, 2.8 MW
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Figure 5. Plan view of the ratio between peak to peak pressure
pulsations and API 618 limit versus the reference compressor
speed, with identification of the specific plant areas where pressure
pulsations exceed the limits.

power, in single or parallel operation, with a maximum
speed of 1000 rpm. Suction piping is common, while the
interstage and the discharge piping are independent for
each compressor.
The operative speed can be continuously varied
between 70 - 100% to match the process flow
requirements.
The system spans different operating conditions
represented by different combinations of suction and
discharge pressure and load:
l Average suction pressure range (absolute)
25 – 40 bara.
l Average discharge pressure range (absolute)
100 – 200 bara.
l Load range (at maximum allowed speed)
65 – 100%.

Plant simulation
The analysis of the plant was performed by dynamic
simulation of a matrix of operating conditions determined
to adequately consider the effect of pressure and load
change. During each simulation, the compressors speed
was varied from 70 - 100%, as specified, starting and
ending at constant speed.
As previously mentioned, two main pulsations peaks
exceeding the API 618 limits were present, in this case
corresponding to the pulsation response of the recycle line
of each compressor (Figures 4 and 5).
Analysing the response in the specific plant areas,
where the maximum pressure pulsations exceeded the

Reprinted from November2009   HydrocarbonEngineering

then performed by analysing in greater detail the plant
piping transfer functions and the pressure response, by
conventional linear analysis (by ACUSYS®), using the input
signals at the plant interfaces calculated by the whole plant
simulation at that speed crossing. Appropriate solutions
could then be tailored for those speeds, while also
checking that no new critical condition was added by the
applied remedies.

Figure 6. Instantaneous peak to peak pressure pulsations (bar) in
the recycle line of one compressor and API 618 limits, versus the
reference speed ratio. The beat is evident in the zoomed interval.

Effectiveness of the remedial
actions
The remedies designed after the plant pressure response
and transfer function at the critical speeds obtained
consisted of the insertion of appropriate orifices and
changing the recycle valve position along their lines, in
order to shift the resonance frequencies outside the range
of the harmonics generated by the compressors. These
remedies were then verified again by repeating variable
speed simulations to ensure their effectiveness and the lack
of newly introduced resonances.
Figure 8 shows the comparison between the maximum
pulsations peaks in the suction piping, with and without the
remedies. It is clear that all pulsations are reduced within
the API 618 limit.

Conclusion
Figure 7. The chart shows the maximum peak to peak pulsations
along the plant piping versus the reference speed during the ramp up
simulation. The two peaks at the relative speeds of ca. 0.90 and 0.93
correspond to the resonance of the recycle lines, on the suction side,
of the two machines.

Figure 8. Maximum peak to peak pulsations along the suction piping
at every instantaneous compressor reference speed. The comparison
between base design and design with remedies shows the pressure
pulsations peak reduction.

The advanced analysis method based on the time domain
non-linear simulation with continuous slow ramp speed of
the compressors by a whole machine/plant model, followed
by standard frequency analysis at the critical steady
conditions identified, proves very effective in detecting the
critical speeds in the large range to be considered, not only
for the base design verification, but also in the iterative
search for remedial to API 618 pulsation limit excess.
The influence of transient response residuals, along with
the variable speed ramp, can be kept limited by suitably
slow acceleration, such that quasi steady conditions
are obtained, providing results very close to fixed speed
simulations at the same speed.
The added complexity of two or more compressors
working in parallel and connected to common lines can
be fully considered by assuming a speed shift among the
machines to generate beats. This allows one to take into
account all the possible amplitude, frequency and phase
combinations of pulsation inputs. The procedure described
is truly in accordance with API 618 requirements for
approaches 2 and 3.
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