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ABSTRACT
ACUSYS is an application software, developed in MATLAB® /SIMULINK ® environment, simulating
in the time and frequency domain the dynamic response of the fluid medium inside a plant,
induced by pressure or flow pulsations applied to discrete points.
This analysis is of greatest interest for:
−

gas compression plants, particularly when reciprocating machines are used, such as to
perform analyses following API 618 rules (approaches 2 and 3);

−

liquids and pseudo-homogeneous multiphase fluids pumping plants;

−

design and optimisation of inlet and exhaust gas ducts for internal combustion engines and
combustion chambers.

The basic version of ACUSYS simulates the stationary response of the system to arbitrary
periodic inputs, but its extended version allows analysis of transients due to non periodic actions
(e.g. start up or stop manoeuvres, water hammers, etc.) and interaction with non linear
phenomena (e.g. combustion zone, pipe acoustics instabilities).
The fluid medium is considered as bounded in structurally rigid containers, such as pulsations
dampers, valves, filters and piping accessories, which are defined in an expandable library and
whose dimensional data are defined by the user. Pipe wall elasticity can be accounted for by duly
correcting the sound speed data.
The results of the analysis made by ACUSYS are the amplitudes and phases of the harmonic
oscillations, or the resultant of pressures at different points of the plant under study. This analysis
allows the user to verify the presence of harmonics dangerous for the plant working, and to
generate the input for a subsequent analysis, with dedicated software, of structural vibrations
excited by acoustic pulsations.
ACUSYS operates under the hypothesis of monodimensional linear wave-field propagation
(electro-acoustic analogy), but it can, on demand, be supplied with non linear components or
propagation equations, such as combustion elements, high amplitude of pulsations or nearly sonic
flow conditions.
ACUSYS runs on any hardware platform compatible with MATLAB/SIMULINK, such as PCs,
Apple-MacIntosh, Convex, Cray ® .

MATLAB, SIMULINK, MS-Excel, Apple-MacIntosh, Convex and Cray are registered trade marks, copyright of the
relevant producers.
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1. INTRODUCTION
ACUSYS represents an answer to the need of evaluating the possibility that dangerous or noisy
vibrations of components and pipes of the plant occur, or that performances of operating machines
decrease, due to dynamic interactions, transient or stationary, with the piping network. This can
arise both during design of new fluid plants and review and modification of existing ones.
Such vibrations can be excited not only by unbalanced rotating elements, but also by resonances
between acoustic pulsations, generated in the fluid by the machines connected to the plant
(pumps, compressors, thermal engines), and the plant structure itself, i.e. pipes, volumes,
supports.
ACUSYS is a tool implemented to allow the analysis of this kind of vibrations, by means of the
simulation of the acoustic field inside the plants.
2. APPLICATIONS OF ACUSYS
The typical application of this analysis is in the field of gas compression plants, mainly
reciprocating machines, but generally pumping fluids, even multiphase in pseudo-homogeneous
condition.
The problem of vibrations in plants is of highest concern in the oil industry, for oil and gas
production, gas compression, refineries, where both reciprocating and centrifugal compressors are
widely used. This need is reflected in the API Standards 618, that explicitly recommend to verify
the pressure pulsations generated by operating machines in a plant not to exceed few percent of
the expected nominal pressure. Three levels of test are considered: one simpler, based on
calculations limited to a specific area of the plant; the other two, for more complex plants, based
on simulation of the plant as a continuous medium of acoustic waves propagation, formed by a
network of monodimensional elements.
This problem concerns other fields too, such as steam thermal plants, where possible high
vibrations induced by centrifugal pumps, for boilers feeding, can result very dangerous.
The propagation model on which ACUSYS is based can be used either for the analysis of
stationary system response or for the evaluation of transient events, like water hammers effects.
In this paper such combined application of MATLAB and SIMULINK is presented with more details
in its base version, that performs the stationary analysis of a wide range of plants, defined
following the needs of the customer before delivering the product. ACUSYS has presently already
been licensed to an important Italian manufacturer operating in the field of gas compression
machines and plants.
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3. STATEMENT OF THE PROBLEM
An elementary example showing the typical problem solvable by ACUSYS is illustrated in Fig. 1.
A reciprocating compressor, monocylindrical in the example, is connected to an accumulator by a
pipe.

L

Fig. 1 - Example of generation and propagation of pressure pulsations.
(L = wave length)
The compressor, as known, delivers a flow rate cyclically variable, with the fundamental harmonic
frequency equal to the number of compression cycles per unit time and, if the compressor is
single effect, equal to the number of revolutions per second.
Actually, the flow rate delivered at the inlet of the pipe, and the relevant pressure generated for
reaction in such section, have a time profile not purely sinusoidal, but can be described as a sum
of different sinusoidal signals with frequencies multiple of the fundamental.
The pressure variations, i.e. the input signal, propagate inside the pipe as a plane wave field with
harmonics having wavelengths inversely proportional to the relevant frequencies of the signal
components1.
If, for instance, at certain velocities of the compressor the length of pipe is an odd multiple of half a
wavelength, on the left side of the tube pressure will be maximum, while on the right side it will be
almost constant, due to the connection to a large capacity. Under these conditions a net axial
pulsing force will occur on the wall bounding the gas, i.e. on the bends connected to the tube at
the compressor side. This will cause a vibration of the pipe and of other components connected to
it, if no suitable structural constraints are placed, and if resonance occurs large motion and stress
amplitudes would result.
This example is particularly simple to be analysed, missing derivative pipelines, closed loops or
piping accessories such as valves, orifices, filters, etc. which can modify and make more complex
the acoustic field inside the plant. In some cases it becomes necessary to place acoustic filters,
even consisting of accumulators of suitable size and position, to lower the amplitude of pressure
pulsations transmitted along the plant and the consequent forces, particularly those harmonics
close to the natural frequencies of the structure.

1 Non dispersive medium condition is usually verified in these cases.
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ACUSYS aims at analysing these more complex cases, often not solvable with simple intuitive
expedients.
4. MATHEMATICAL MODEL
The model of a plant implemented in ACUSYS with MATLAB and SIMULINK is essentially a finite
elements model of the monodimensional field of propagation.
This hypothesis of plane waves propagation is valid when the wavelength is sufficiently greater
than the tube diameter or than the characteristic dimension orthogonal to the propagation
direction, namely when, in formula:

f < 0. 6

a
D

where 'f ' is the frequency of the signal component, 'a' the sound speed inside the fluid and 'D' the
maximum dimension orthogonal to the propagation direction. This condition is usually verified
inside compression plants, for those harmonics which lead to structural vibrations problems.
The fluid medium is considered bounded in structurally rigid pipes and containers with even
variable diameter and arbitrary shape, such as pulsation dampers, heat exchangers, phase
separators, with piping accessories. However, pipe wall elasticity can be accounted for by duly
lowering the sound speed value assigned to each pipe segment, as common in water-hammer
calculations in hydraulics.
Plant architecture is defined by configuration schemes within an expandable library, with
dimensional parameters definable by the user.
Besides the plane wave propagation model, constrained by the range of frequencies studied, the
base version of ACUSYS runs under the hypothesis of linear relationship between amplitudes of
pressure variations and local fluid velocities, valid until the latter and the mean fluid velocity are
small enough compared to the sound speed. Such hypothesis is better known as the condition of
electro acoustic analogy. For gas plants it is valid up to an internal sound intensity of at least 120
dB (ref. to 1µPa).
.

.
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Fig. 2 - Electro-acoustic analogy adopted in ACUSYS.
The electro acoustic analogy allows a description of the continuity and momentum equations of
the fluid in an elementary tube as if they were written for an electric circuit of Fig. 2:
Continuity:

Momentum:
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dp2
= m& 1 − m& 2
dt
A ∆x
C= 2
a
C

dm& 1
= p1 − p2
dt
∆x
∆x m& 0
L=
R =λ
A
D ρ0 A2
Rm
&1 + L

where:

C = equivalent capacity of the element

∆x = length of element

L = equivalent inductance

D = diameter of the tube

R = equivalent resistance

a = sound velocity of fluid inside the element

m& , p = flow rate and pressure of the fluid at

λ = loss factor per unit length

sections 1, 2

ρ0 = mass density of fluid

t = time

0 subscript indicates mean value

A = area of the cross section of the tube
Should this assumption be defective, the SIMULINK model of ACUSYS can be modified using non
linear tube elements, such as in the extended version already foreseen and tested.
The mathematical model here briefly described has been implemented suitably combining
SIMULINK, as a flexible tool for the creation of plant configurations, with MATLAB, as a versatile
mathematical language effective in matrices analysis, for the calculation of state matrices of
macro-elements, such as tubes, capacities, etc., in the components library (Fig. 3).
The fundamental element of ACUSYS, for instance the tube, is described in SIMULINK as a
functional block that summarise the characteristics of all the discrete elementary tubes it is made
of. The function relating input and output of each tube block is calculated by MATLAB, which
discretises that tube in a number of elements of equal length, sufficient to correctly describe the
system dynamics. In the case of linear analysis MATLAB calculates, by means of m.files which
read and compute the input data (these also contained in m.files), the state matrices (A, B, C, D)
of each tube and every other element in the plant configuration.
Such matrices are large enough to allow the correct computation and description, for each tube, of
every oscillation mode significant for the global analysis, up to a pre-defined maximum frequency,
but allow to leave as "visible" state variables only the pressures and flow rates at the input and
output sections of the tube. The state matrices are then used in the state-space blocks contained
in an S-file generated by SIMULINK (Fig. 4), to calculate the global state matrices of the whole
system ("linmod" function) and the transfer functions.
This way the discretisation of the plant is released from the SIMULINK scheme, which instead
remains unchanged for whatever number of elements any single tube is split.
On the contrary, in SIMULINK the user can create, starting from a pre-defined configuration or
generally from the library of basic components (tubes, valves, connections, capacities, etc)
variations and new schemes with the only care to connect correctly the input and output ports of
the different blocks, which represent the state variables.
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Fig. 3 - Components library of ACUSYS

Fig. 4 - Example of inner structure of a component block used in SIMULINK S-files of ACUSYS
(tube element with pressure and flow rate inputs)
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5. TYPICAL PLANT CONFIGURATIONS WITH GAS COMPRESSORS
In Fig. 5 are shown two examples of plant configurations, of different complexities, which are
provided in the systems library.
Each numbered section corresponds to a point of the plant for which transfer functions and
responses are calculated.
These sections, according to the lengths of tubes connecting them, can represent any point in the
plant branch they belong to. For instance, to calculate the optimal position of an orifice or a
capacitive filter in a branch, the user can run the program repeatedly, each time assigning to the
two tubes adjacent to the element different and complementary lengths.
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Fig. 5 - Examples of plant configurations in the ACUSYS library
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Fig. 6 - Partial SIMULINK scheme of Configuration 2 in Fig. 5.
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6. RUNNING ACUSYS
The use of ACUSYS is easy, even for users not yet experienced with MATLAB-SIMULINK,
because none of the instructions and the schemes managed by these environments interact with
the operator, unless purposely commanded.
The user sees the MATLAB environment only at the start up. ACUSYS is in fact run from the
MATLAB command window, entering:
acusys <enter>
From this moment onwards all the operations are managed through graphic windows, created with
MATLAB "Graphical User Interface" utilities and predefined, easily editable, input text files
(m.files).
6.1. Choice of configurations
After entering the "acusys" command, the window of Fig. 7 is displayed, which shows different
graphical buttons, each corresponding to one configuration of the library. In the example, besides
the operating configurations, there are also test models, implemented to verify the program by
comparison with results known from bibliography, and to control and demonstrate the integrity of
the software routines.

Fig. 7 - ACUSYS - Configuration selection window
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6.2. Configuration Management
Once a configuration is selected clicking with the mouse on the relevant button, the Configuration
Management window (Fig. 8) is displayed, from which data are managed and calculations started.
6.3. Data Files Management
From the Configuration Management window (Fig. 8) data files relevant to the system or to the
input signals are loaded, or can be edited to be modified, with the Data menu.
Once system data are loaded, and the selected file name is displayed in a field of the window, the
components state matrices and then the global state matrix have to be calculated, again by
clicking on graphic buttons.
The configuration management notifies any possible incomplete operation. In the example of Fig. 8
the user can read that the global state matrix must still be calculated. This message is however
redundant, being any menu item inactive if relevant to operations subsequent to the global matrix
calculation.
6.4. Transfer Function
Usually the first calculation of interest is that of the transfer functions, which allows to find out
possible acoustic resonances at unwanted frequencies in the plant.
Selecting from the Configuration Manager window the option Transf. Funct. of the Analysis menu,
the window shown in Fig. 10 is displayed, which performs calculation and plotting of the transfer
functions. Particularly it is possible to select the input relevant to which the transfer function is
calculated and the sections whose plots will be displayed.
Selecting then from the Plots menu the option, e.g. Pressure plots, a window with turnable pages
like that in Fig. 11 is displayed.
Besides this TF, the window with transmitted energies ratios at any plant section can also be
displayed.
6.5. Signals
Pressure signals of the input sections are selectable in ACUSYS from a wide range of options
(Fig. 12), allowing analysis both with standard inputs (simple and composed sinusoids, square
and triangular waves with duty cycle definable at will) and with signals defined by the user (time
samples of a period by broken line assignment) or recorded in external files (as frequency
spectrum or time signals). Also, it is possible, from an editable field in the Signals window, to
assign arbitrary values to the phase angles between inputs (in deg, referred to the fundamental
frequency), in order to simulate every real situation, with multi-stage or not synchronised
reciprocating compressors.
Another useful option is the faculty to select, for subsequent plots of system responses, only the
sections of interest or those for which a synoptic representation is preferable. This is easily
obtained by clicking on the appropriate tick boxes in the window (Fig. 12)
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Fig. 8 - ACUSYS - Configuration Management window.

Fig. 9 - ACUSYS - Example of signals data file.
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Fig. 10 - ACUSYS - Transfer Function Calculation window.

Fig. 11 - ACUSYS - TF - Pressure Plots window.
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Fig. 12 - ACUSYS - Signals window.
6.6. Responses
The last result of the analysis performed by ACUSYS consists in the plots representing the
amplitudes and phases of harmonics and the time functions of pressures at different sections of
the plant, calculated as response to all the selected input signals. In the base version such
response is obtained by linear combination in the frequency domain and then inverse-transformed
to obtain the pressure profile in the time domain.
This is the most important and resolutory stage of the analysis, because it allows to verify the
absence of harmonics noxious or troublesome for the plant operation. This depends both on the
signal and on the system characteristics.
The input for a subsequent analysis, by other dedicated software tools, of the structural vibrations
induced by the pressure pulsations calculated can also be generated at this step.
All results drawn graphically can be printed, displayed in tables or saved on text files, exportable
and usable in other environments, such as MS-Excel.
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Fig. 13 - ACUSYS - Signals - Response Plots window (at bottom note the embedded window to
manage scaling and zooming)
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