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Abstract: 
Flow induced pulsation in piping is serious concern in refrigeration 
installations where noise and vibrations are critical factors. This report 
takes an insightful look into the possible ways to minimise the noise and 
vibration due to pulsations. 

A modification of the discharge piping was done to reduce the noise 
produced by pressure pulsation in an oil flooded screw compressor. It gets 
complex trying to deduce the natural frequencies of complicated piping 
with branches and bends. FEMLAB was used as simulation software. 
Wave reflection in piping masks the real amplitude of the pressure 
pulsation. A method based on signal processing was employed to 
decompose the incident and reflected waves. 

Keywords: 
Screw Compressor, Pulsation, Ducts, Wave separation, FEMLAB, 
FAMOS. 
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1 Notations  

A  Complex amplitude of incident wave. 

B     Complex amplitude of reflected wave. 

D  Diameter of the pipe. 

a     Real part of the complex amplitude A. 

b     Imaginary part of the complex amplitude A. 

c    Speed of sound  (m/s). 

f     Frequency (Hz). 

nf       Natural Frequency(Hz). 

01f   Cut  off Frequency (Hz). 

k             Wave number = 
c
w       

l         Length of the pipe 

p             Pressure 

0p           Pressure source 

q Dipole source 

xΔ          Distance between the sensors       

α            Volumetric phase fraction 

λ            Wavelength  

θ            Phase angle 

ρ            Density of the fluid 

w            Angular Velocity(radians/sec). 

ρ           Density (Kg/m3) 
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Subscript 
M Mixture 

G Gas 

L Liquid 
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2 Introduction 

A rotary screw compressor [Fig 2.1] is a positive displacement compressor. 
It is a type of compressor used in vapour compression refrigeration cycles. 
It has two intermeshing helical rotors. These rotors create initially 
increasing volume during suction then followed by continuously decreasing 
volume, in which the refrigerant vapour is compressed and its pressure is 
increased from evaporator pressure to condenser pressure. They have ports 
that are shaped and positioned so that the gas is admitted at one end, 
compressed and expelled at the other end. 

The two types of Screw compressors are the oil free screw compressor and 
oil flooded screw compressor. In the oil flooded screw compressor, oil is 
injected into the compression space. The oil and compressed gas mixture 
subsequently passes into an oil separator. The oil is then cooled and filtered 
and goes back round the cycle once again. Here, the rotors are in direct 
contact, with one driving the other. The advantages of oil flooded 
lubrication system being that it absorbs heat during the  compression cycle, 
acts as seal between the suction and discharge and thus increasing the 
volumetric efficiency and acts as a lubricant between the screws thus 
increasing the lifespan. 

 

 

 

 

 

 

 

 
 

Figure 2.1. A Screw Compressor[8]. 
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Twin screw compressors are used for the compression of vast range of 
gases and vapours including refrigerants. They are widely used in the 
industrial process like oil, gas and refrigeration industry. Because of the 
simple design and few wearing parts, rotary screw compressors are easy to 
maintain, operate and provide great installation flexibility. 

 
2.1 Refrigeration Cycle 

Refrigeration is the withdrawal of heat from a substance or space so that  a 
temperature lower than that of the natural surroundings is achieved. 
Vapour compression systems are employed in most refrigeration systems. 
Here, cooling is accomplished by evaporation of a liquid refrigerant under 
reduced pressure and temperature. The fluid enters the compressors where 
the temperature is elevated by mechanical compression. The vapour 
condenses at this pressure, and the resultant heat is dissipated to the 
surrounding. The high pressure liquid then passes through an expansion 
valve through which the fluid pressure is lowered. The low-pressure fluid 
enters the evaporator where it evaporates by absorbing heat from the 
refrigerated space, and re-enters the compressor. The whole cycle is 
repeated [Fig 2.2]. 

Our primary area of investigation is the discharge pipe between the 
compressor and oil separator. The screw compressor sends pressure 
impulses into the discharge line. The frequency of these impulses depends 
on the rotation speed and the lobe number of the driven rotor. When ever 
there is a coincidence of the pulsation frequency with the acoustical natural 
frequencies of the discharge piping then noise and vibration can be induced. 
Amplification factors are typically 10-40 for pulsation resonance [1]. 
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Figure 2.2. A Refrigeration Cycle [9]. 

 

In an oil flooded screw compressor the natural acoustical frequency of the 
discharge pipe is difficult to determine, since it depends on the speed of 
sound in the medium. The discharge medium is a two-phase mixture of gas 
and oil. The sound speed in such a mixture varies in a large extent with 
small changes of concentration of the oil particles dispersed in the gas. 
Therefore, it is difficult to tune the discharge pipe to a particular natural 
frequency. 

Therefore, this eliminates the traditional methods of opting for Helmholtz 
resonator to dampen the acoustical resonance. A Helmholtz resonator can 
dampen the pulsation at only one particular frequency. This natural 
frequency depends on the speed of sound.  

The FEA analysis software FEMLAB was used to simulate different 
discharge pipe models. With a varying speed of sound and constant 
excitation harmonic (pulsation) an approximate model was designed. These 
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models were fabricated in house and experimentally verified at the test 
installations. 

Additionally, a solution was introduced where the wave amplitude 
travelling in forward direction was separated from the wave travelling in 
the other direction. 
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3 Background of the Company 

Grasso Refrigeration Technology, Berlin, Germany is one of the flagship 
companies of the parent company Global Engineering Alliance. GEA is a 
globally active, successful engineering organization with core competencies 
in specialty mechanical engineering and plant engineering. GEA Group 
currently employs around 17,000 people and is represented in 
approximately 50 countries. Grasso GmbH Refrigeration Technology is one 
of the leading manufacturers of innovative reciprocating and screw 
compressors, packages, chillers and other components for industrial 
refrigeration installations. 

Apart from manufacturing Screw Compressors, the company has 
diversified applications. Grasso provides tailor made solutions to food 
processing industries, chemical industries and the other manufacturing 
industries. 
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4 Acoustics in ducts and pipings 

4.1 Introduction 

Sound propagation in pipes and ducts is in contrast to free space, strongly 
influenced by presence of confined boundaries. A waveguide is a structure 
which forces wave propagation along a path parallel to its longest 
dimension. Acoustic waveguides are structures with constant cross-
sectional area and shape. Simple examples of such structures include hoses, 
tubes, and pipes, referred as ducts. If a duct is excited by a pressure 
disturbance with a wavelength larger than twice the duct's largest cross-
sectional dimension, then only plane waves will propagate down the duct. 

 

4.2 Assumptions of the classical theory 

The assumptions of the classical theory are as follows. 

1. The acoustic medium is frictionless, homogeneous fluid. 
2. The processes associated with the wave motion are isentropic. 
3. The wave propagation remains wholly axial and directed along x. 
4. The duct walls are rigid (acoustically hard). 
 

The cut off frequency up to which the plane wave propagates is given by 
 

D
cf

π
2

01 =  

 

4.3 The Wave Equation 

The propagation of sound waves in a duct containing a fluid is subject to 
certain conditions. First the fluctuating acoustic pressure, density, and 
velocities must satisfy the conservation of momentum, mass and energy in 
the bulk of the fluid. The second condition associated with the physical 
boundary conditions at the duct walls, where the pressure fluctuations of 
the fluid must equal those on the duct wall. The third condition is the 
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boundary at the source, where the pressure fields on the source side and on 
the fluid side must be continuous. 

The sound field in the waveguide must satisfy the classical wave equation 
given as follows 

 

     pc
t
p 22
2

2

.∇=
∂
∂  (4.1) 

 

where,    

      

   2

2

2

2

2

2

zyx ∂
∂
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∂
∂

+
∂
∂

=∇    is the three dimensional Laplacian. 

 

      p  Pressure  

      c  Speed of sound 

      t   Time  

 

The complex form of the one of the harmonic solution for the acoustic 
pressure of a plane wave is 

 

     )()( kxtjkxtj BeAep +− += ωω  (4.2) 

 

Here A and B are the amplitudes and are complex quantities. The complex 
quantity A = a+jb may be represented by a phasor of length 22 baA += , 

making an angle  
a
b1tan −=θ    counter clockwise from the positive real 

axis. 
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4.4 Propagation of sound in pipes 

When longitudinal sound waves propagate in a fluid in a pipe with finite 
length, the waves are reflected from the ends. The superposition of the 
waves travelling in opposite direction forms a standing wave. This standing 
wave creates sound in the surrounding medium. These standing waves are 
described by the pressure variations in the fluid. To avoid confusion we 
will use pressure node and pressure antinode. At a pressure node the gas 
undergoes minimum amount of pressure variation and vice versa for the 
pressure antinode. 

Central to this concept of wave-mode duality is the finite or limited extent 
of the medium. In fact, it is not possible to have standing waves or modes 
in a medium of the infinite or unlimited extent. A further point to be 
remembered is that an infinite or unlimited medium can vibrate freely at 
any frequency. In contrast, a finite or limited extent medium can vibrate 
freely only at specific frequencies known as the  natural frequencies. 

The natural frequency of the pipe is calculated for different boundary 
conditions. For a simple pipe with both ends open the natural frequency is 
given by 

 

 
l

ncfn 2
=  (4.3) 

 

Where   n = 1,2,3……, 

The first frequency is called the fundamental frequency and the higher 
frequencies are the harmonics of the fundamental. 

For pipe with one end open and the other end closed the natural frequency 
is given by 

 

l
nc

f n 4
=  (4.4) 

 

Where   n= 1,3,5……, 
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The wavelength of the pressure wave is related to the acoustic velocity c 
and the frequency by the relationship. 

 

     
f
c

=λ  (4.5) 
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5 Pulsation frequency  

Pressure pulsation is a term used in the compressor industry to describe the 
rapid change in pressure with time measured in piping of the compressor. 

Pulsations, or variations in pressure, can be a major cause of reliability 
problems, particularly in compressors and pump systems. These pressure 
variations are the result of oscillatory flow (pulsative flow) induced by the 
fluid (gas or liquid) transmission equipment. The pulsation levels can be 
dramatically amplified if acoustical natural frequencies associated with the 
manifold and piping system are coincident with the excitation frequencies 
of the equipment 

The screw compressor generates pulses which depend on the operational 
speed and the lobes on compressor rotor. The screw compressor operates at 
a speed of 3600 rpm. The compressor has five lobes on driving rotor. 
Therefore the pulsation frequency is calculated as  

 

 Fundamental Pulsation frequency 1f  = 
Secs

lobesrpm
60

5*3600  

     

                                                                    = 300Hz 

 

The higher harmonics occur at the n* 1f , where n = 1, 2, 3…, 

 

Pulsation frequency = 300Hz, 600Hz, 900Hz…, 
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6 Speed of sound in two phase mixture 

The sound speed is an important factor in calculating the acoustical natural 
frequency of the pipe. 

As the speed on the discharge side cannot be deduced exactly, estimation of  
natural frequency of the pipe is difficult. 

The medium in the discharge pipe is not pure ammonia gas but a gas-oil 
mixture. As reported in the literature [2] – [4] the presence of liquid in gas 
strongly influences the speed of sound. For two-phase homogenous gas-
liquid mixtures this influence is given by 

 

( )
5.0
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⎢
⎣
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⎠
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⎝

⎛
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G
LLGGM cc

c
ρ
α

ρ
α

ραρα                                         (6.1) 

        

 where c is the sound speed, α is the volumetric phase fraction, ρ is the 
density and the subscripts state for mixture (M), gas (G) and liquid (L). 

The results of the sound speed calculations with Eq. (6.1) are presented in 
Figure 6.1. The speed of sound is plotted as a function of the ammonia 
volumetric fraction for two discharge pressures: 4.3 bar (booster) and 15.5 
bar (air conditioning). 
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Figure 6.1. Speed of sound in homogenous ammonia-oil mixture 

 From the results of calculation it appears that in a wide range of gas 
fractions the speed of sound in the homogenous mixture is lower than in its 
pure components. In the fractions ranges of 0 till 0.1 and 0.9 till 1 the sound 
speed depends on gas fraction drastically, while in the range of 0.3…0.7 it 
remains almost constant. The sound speed dependence on the pressure (or 
on gas density) is also noticeable. 

 In the discharge line of a screw compressor the ammonia gas fraction 
varies between 0.9 and 1 depending on the application. Figure 6.2. 
demonstrates the variation of the mixture sound speed in this gas fraction 
range. In other words, Figure 6.2. is a zoomed-in version of Figure 6.1. 

 
Figure 6.2. Sound Speed between 0.9…1 volumetric fraction of ammonia  
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 As mentioned, Eq. (6.1) is valid for homogenous mixtures. Strictly saying, 
the gas-oil mixture in the compressor discharge line is not homogenous 
because it contains oil droplets of different size. However, there is a certain 
amount of oil droplets dispersed in ammonia gas, which have so tiny size 
that the mixture can be considered as homogenous. Exact amount of these 
small droplets is unknown. If one assumes that this amount varies between 
0 and 0.2% (volumetric gas fraction 0.998…1.0) then according to Eq. (6.1) 
the speed of sound in the mixture changes in the range from 365 to 465 m/s 
(gas pressure 4.3 bar)  [5]. 

 Table 6.1 demonstrates how this change in sound speed will influence the 
natural frequency of a pipe of length  0.35 m. The frequency is calculated 
from Eq. (4.3) 

  

Table 6.1. Influence of the oil fraction on the natural frequency of the  pipe 

 

Volumetric fraction of 
small oil droplets, % 

Speed of sound, m/s Natural frequency of 
the impedance pipe, Hz 

0 465 664 

0.2 365 521 

  

Table 6.1.clearly illustrates that even a minor variation in the amount of 
small oil droplets dispersed in the discharge flow cause a significant change 
in the sound speed and in the natural frequency of the pipe. The pipe has 
been designed to avoid the resonance frequency at the 3000 rpm operation. 
Despite that just a small increase in the oil droplets concentration reduces 
the natural frequency of the pipe from 664 to 521 Hz and brings it close to 
the resonance frequency of 500 Hz (double lobe frequency). 

 We arrive to the conclusion that since the sound speed cannot be 
determined exactly, it is not possible to eliminate the resonance by tuning 
the discharge piping to a particular natural frequency. Instead the one 
possible solution  is to deduce the speed of sound in the pipe. 
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7 Simulation in FEMLAB 

7.1 Introduction 

FEMLAB is a powerful interactive environment for modelling and solving  
problems that can be defined with a PDE. Equations are solved in 
FEMLAB using the proven Finite Element Method (FEM). 

Finite Element Method (FEM) is a numerical technique to solve 
engineering analysis problems for various field applications. The strong 
form of the governing equation is established. Then the complicated 
structure is divided into smaller elements. Using the numerical computing 
techniques each of the elements is solved and all elements are assembled 
into a global matrix of algebraic equations. This matrix is solved usually by 
a computer. Finally, the solution is obtained according to the engineer's 
requirements. 

 

7.2 Acoustics in Femlab 

Acoustics is the physics of sound. Sound is the sensation, as detected by the 
ear, of very small rapid changes in the air pressure above and below a static 
value. This static value is atmospheric pressure (about 100,000 Pascal), 
which varies slowly. Associated with a sound pressure wave is a flow of 
energy. Sound is often represented as a sine wave, but physically sound in 
air is a longitudinal wave where the wave motion is in the direction of the 
movement of energy. The wave crests are the pressure maxima, while the 
troughs represent the pressure minima.  

The Acoustics application mode in FEMLAB is designed for the analysis of 
various types of acoustics problems, which all revolve around pressure 
waves in a fluid. 

The Acoustics application mode provides two analysis types: Time 
harmonic and eigenvalue analysis. 

The time-harmonic or frequency-domain formulation uses a Helmholtz 
equation. 
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              ρ  Density of fluid (constant) 

               q   Dipole source 

              ω  Angular Velocity  

                                       
With this formulation you can compute the frequency response using the 
parametric solver to sweep over a frequency range using a harmonic load.  

The eigenvalue formulation solves for the eigenmodes and 
eigenvalues/eigenfrequencies. 
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The eigenvalues related to the eigenfrequency f  as ( )22 fπλ =  . It  
important to note that  λ  is not the wavelength. 

FEMLAB supplies five boundary conditions namely Sound hard Boundary, 
Sound soft boundary, Pressure Source, Impedance Boundary condition and 
Radiation boundary condition. 

 

7.3 Mathematical Model for Acoustic Analysis 

The mathematical description for sound waves is the wave equation 
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When q = 0 Eq.(7.3) is reduced into the classical wave equation as  Eq. 
(4.1) 

A special case is a time harmonic wave, where the pressure variation in 
time is  

 
iwtepp =     (7.4) 

 

Comparing with Eq.(4.2)  results  in )( jkxjkx BeAep += − . 

This reduces the wave equation for acoustic wave to a Helmholtz equation  
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7.4 Model of existing discharge pipe 

7.4.1 Model Definition  

The existing condition the discharge pipe of the screw compressor is of the 
following dimensions. 

Straight length of the discharge pipe = 1.225m. 

Diameter of the discharge pipe         =  0.168m. 

The left end of the pipe is has know pressure amplitude while the right end 
is completely open. 

In the figure a plane sound wave sound wave enters the inlet of the pipe 
(left), reflected and exits through the outlet of the pipe(right). The model 
computes the pressure p for the fluid in the region defined by the above 
geometry. The time harmonic analysis is used. 

The time harmonic analysis uses a Helmholtz equation.  
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Figure 7.1.Model Outline 

 

7.4.2 Subdomain Settings 

In Subdomain Selection mode the material properties for existing 
conditions are specified.  

The sound speed c  in a two phase mixture of gas and oil is a variable 
quantity. Therefore, a parametric range of 0 m/sec to 500 m/s was selected. 

The dipole source is the default value of 0. 

 

7.4.3 Boundary Conditions 

In Boundary Selection mode, the constrains and load are specified on the 
boundaries. 

Sound hard boundary 

The closed end on the left end of the pipe and the pipe itself are sound hard 
boundary. 
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A sound hard boundary means that normal component of the velocity is 
zero on the boundary. That means that the normal derivative of the pressure 
is zero on the boundary. 

0=
∂
∂
n
p  

Pressure source 

The open end on the left end of the pipe is considered as the pressure 
source. This end is connected to the pipe by means of a discharge flange. 

The pressure source means that the there is constant pressure amplitude of 
0p  maintained on the specified boundary. 

It is known that at the open end of the pipe has a pressure node. Hence the 
boundary condition is assumed to be 

0p  = 0 bar 

 

7.4.4 Scalar Variables 

The scalar variable is the excitation frequency. In this case it is the 
fundamental frequency of 300 Hz and its harmonics.  

Freq_aco = 300 Hz, 600 Hz, 900 Hz,……, 

 

7.4.5 Mesh Elements 

FEMLAB partitions the subdomains into triangular or quadrilateral mesh 
elements. Of course, these elements only represent an approximation 
because the boundary can be curved. The sides of the triangles and 
quadrilaterals are called mesh edges, and their corners are mesh vertices. 
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Figure 7.2.Meshing 

 

7.4.6 Solver 

The parametric solver finds the solution to a sequence of linear or nonlinear 
stationary PDE problems that arise when you vary a parameter of interest.  

The sound speed is a varying parameter from 0 m/sec to 500 m/sec. 
Therefore the parametric linear solver is employed. 

The parametric solver consists of a loop around the usual stationary solver 
and where it estimates the initial guess based on the solution for the 
previous parameter value.  

 

7.4.7 Postprocessing and Visualisation 

FEMLAB provides many tools for post processing and visualizing model 
quantities. It creates a wide variety of plots from surface plots, Iso surface 
plots to Combination plots. In addition animations show the dynamics in a 
solution. 
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Isosurface plot 

An isosurface plot of the result displays the pressure maxima and pressure 
minima in the tube. 

Figure 7.3. Isosurface and Boundary plot 

 

Cross Sectional plot 

At the excitation frequency of 300 Hz but with an variable sound speed 
from 0 to 500 m/s it is inferred that the acoustical resonance occurs at a 
particular sound speed for the fundamental mode and at different sound 
speeds for the higher harmonics. 

The following plots traces the pressure along the length of the tube at 
different harmonics . 
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Pressure Amplitude at 300 Hz 

 

Figure7.4. Wave amplitude at 300 Hz 
 

At a sound speed 245 m/s the third harmonic is more prominent than the 
others having a amplitude of  200 bar. 

 

Pressure Amplitude at 600 Hz 

 

Figure 7.5. Wave amplitude at 600 Hz 
 

Here the third harmonic is more prominent at a sound speed of 490 m/s. 
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Pressure Amplitude at 900 Hz 

 

Figure 7.6. Wave amplitude at 900 Hz 
 

And it is the sixth harmonic dominating at a sound speed of 367 m/s. 
 

7.5 Inference  

The sound speed is an critical factor in determining the resonance 
frequency of the pipe. In this case the resonance frequency will vary 
proportionately with the sound speed. It can be concluded that it becomes 
difficult to modify the discharge pipe for a particular frequency. 

Hence before proceeding further with the simulation and modification of 
the discharge pipe the sound speed has to be determined. 

The following section deals with the above. 
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8 Method to calculate the progressive and 
reflected wave  

8.1 Introduction 

The primary objective of this chapter is to separate the progressive and 
reflected wave and deduce the sound speed. 

A method based on signal analysis in the frequency domain has been 
developed to measure the gas pulsation. The complex representation of 
acoustic waves and their Fourier spectra is the basis of the calculation. This 
method proposes to recalculate the amplitude of reflected and progressive 
gas pulsation along the length of the pipe with out having to use extended 
piping length [6] & [7]. 

The time signal of both the incident and reflected wave are then regenerated 
to provide comprehensive peak to peak pulsation values caused solely by 
the compressor. 

The pressure pulsation will propagate from the compressor into the 
discharge line. This wave will be partly reflected at each discontinuity of 
the system, like every acoustic wave travelling into a medium. These 
discontinuities are corners, valve restrictions, junctions, etc. The induced 
reflection will generate another acoustic wave that will propagate back 
towards the compressor and will combine with the wave propagating from 
the compressor. A standing wave will appear in the discharge piping and  
make the measurement dependent on the location. The following graphs 
show the time trace of the pressure measured at sensor locations p1, p2, p3 
and p4 due to interference between the incident and the reflected wave. 
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Figure 8.1.Location dependent pressure traces due to interference between 
incident and reflected wave. 

In the earlier methods[7] it is generally accepted that an extended length of 
piping without any discontinuities and at least 40 feet with minimum radius 
of 30 times pipe diameter will not generate reflections. This solution can be 
realistic for a small compressor but becomes a problem for a compressor 
with large capacity and large discharge pipe diameter. 

 

8.2 Mathematical view of the problem 

At every location along the discharge piping, the total acoustic pressure 
wave is the summation of the incident and the reflected wave. A is the 
complex amplitude of the incident wave and B is the complex amplitude of 
the reflected wave. k is the wave number and x is the position of the sensor. 

 
jkxjkx BeAep +− +=  (8.1) 

 

The three unknowns here are the complex amplitudes A, B and the sound 
speed c. 

This system was solved by using the signal from three pressure sensors. 

Assume that the signal from the three pressure sensors are  21 , pp  and 3p  
respectively. 

 
11

1
jkxjkx BeAep +− +=                                                            (8.2) 
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22

2
jkxjkx BeAep +− +=                                                               (8.3)       

 
33

3
jkxjkx BeAep +− +=                                                                        (8.4) 

 

The Fourier transform of the above gives  

 

)( 11 pfftpfft =  

 

)( 22 pfftpfft =  

 

)( 33 pfftpfft =  

Solving the equations (8.1), (8.2) and (8.3) algebraically results in the 
solution to the three unknowns in the frequency domain, 

From  Eq.(8.2), 
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1
jkxjkx BepAe −=−  

 
11 2

1
jkxjkx BeepA −=                                                                             (8.5)                       

 

Substituting  A  in  Eq.(8.3), 
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Now A  is, 
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Substituting the value of  A  and B  in  Eq.(8.4) , 
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Divide by 01 ≠jkxe  
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Solving for k , 
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In the frequency domain the above equations (8.5), (8.6) and (8.7) are given 
as  

The Wave number is given by 
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The sound speed c, is deduced from the above as  
c
wk =  

The FFT spectrum of the reconstructed reflected wave is 
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The FFT spectrum of the reconstructed incident wave is  

 

)( 11 2
1
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From Eq.(8.6), the reflected wave was reconstructed in the time domain by 
the inverse Fourier transform. 

 

)( njkx
nr Beifftp −=  

 

From Eq.(8.7), the incident wave was reconstructed in the time domain by 
the inverse Fourier transform. 

 

)( njkx
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The reconstructed resultant wave is  

 

=np  nrp + nip                                                                                (8.11) 
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where n is the sensor or the measurement position. 

By this method the true amplitude of the pressure pulsations of the incident 
wave is calculated along the length of the pipe. This method helps to 
dramatically reduce the error due to sensor location, reflected waves and 
operating condition without much hardware changes. 

 

8.3 Test Stand Set up 

The test stand  facilitates the creation of any desired operating condition 
required during the development phase. The test stand in Grasso GmbH is 
well equipped to carry out sound, vibration and gas pulsation measurement. 
A  Grasso screw compressor with a swept volume of 2748 m3 /h (at 50 Hz) 
is used for the experiment. The screw of the compressor has five lobes on 
the male rotor thus having a fundamental frequency of 300 Hz and the 
higher harmonics being 600 Hz, 900 Hz,…, etc. Suction and discharge 
pressure and temperature define the conditions. The use of various valves 
and expansions devices the required test conditions were set up. Our 
primary area of interest is the compressor, the connecting discharge line 
and the adjoining oil separator. 

 

  

 

 

 

  Oil Separator 

    Screw Compressor 

     Pressure Sensor 
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Figure 8.2.Simple representations of the test stand setup 
 

The discharge piping is designed in way  to minimize the acoustic wave 
reflection. It is basically kept straight. The oil separator is the first 
discontinuity and causes restrictions, which induce more reflections that 
can disturb the pulsation measurement. The presence of reflected waves can 
seriously corrupt a single pressure sensor reading. This is due to the 
presence of standing waves created by incident and reflected waves. For 
this purpose 5 sensors were used for measurement purposes. Three sensors 
were used for measurement purposes for the three unknowns, being the 
amplitude of incident wave, amplitude of reflected wave and the speed of 
sound. It is of importance to note that the speed of sound obtained will be 
used in FEMLAB for simulation purposes, whereas earlier the sound speed 
was a variable quantity from 0 m/s to 500 m/s. The remaining two sensors 
were used to validate the result. 

 

8.4 Instrumentation 

Five KISTLER 4075A 20 were used for measurements purposes. 
Piezoresitive sensors measure static and dynamic absolute pressure. The 
sensor has a operating temperature of 20 to 120 deg C. 
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The pressure acts via a thin steel diaphragm on silicon measuring element. 
The latter contains diffused piezoresistve resistors connected in the form of 
a wheatstone's measuring bridge. The thermal effects are cancelled by 
additional resistors. 

The five sensors are flush mounted on the discharge line and are equidistant 
from each other. The distance between the senors is defined by the 
wavelength of acoustic wave given by Equation (4.5). It is assumed that 0.1 
m has a significant phase shift in frequency range. 

 

8.5 Result 

Results of gas pulsation level are tabulated below indicating the peak to 
peak pressure value at a particular sensor location. 

As seen from the table the peak to peak value changes significantly from 
one sensor location to another sensor location. The following figures 
illustrate the variation of peak to peak values but also the shape of the time 
signal with the position. 

 

 
Sensor1 
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Sensor 2 

 

Sensor 3 

 

Sensor 4 
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Sensor 5 

Figure 8.3.Time trace of the pressure at the sensor points 1 to 5 

x-axis:Time(ms)  y-axis:Pressure Amplitude(bar) 
 

A digital program was written in Signal analysis software FAMOS to 
separate the incident and reflected wave in the frequency domain as well as 
in the time domain. 

Using the mathematical formula from Section (8.2) the resultant wave was 
separated into incident and the reflected wave in the time domain and in the 
frequency domain. 
 

 
 

Figure 8.4. The incident wave, the reflected wave and resultant wave at  
point 2 x-axis:Time(ms)  y-axis:Pressure Amplitude(bar) 
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Figure8.5. Incident and reflected wave in the frequency domain 

x-axis:Frequency(Hz)  y-axis:Pressure Amplitude(bar) 
 

The maximum amplitude along the length of the pipe was also calculated 
for both the incident and the reflected wave. Here it can be inferred that the 
amplitude of the incident and the reflected wave remains almost a constant 
through out. But the resultant wave amplitude fluctuates. This is due to the 
formation of standing wave in the pipe. 

 

 

Figure 8.7.Amplitude along the length of the pipe 

x-axis:length of pipe(m)  y-axis:Pressure Amplitude(bar) 
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8.6 Validation 

The above procedure used to separate the incident and the reflected wave 
has been successfully validated at the fourth sensor position. 

 

 
Figure 8.8.Comparision between measured and reconstructed wave at 

point 2  x-axis:Time(ms)  y-axis:Pressure Amplitude(bar) 
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9 Simulation and data analysis of 
different pipe geometries 

9.1 Straight pipe 

9.1.1 Simulation 

The simulation of the straight pipe was similar to that of  chapter  7  with 
the same model parameters and boundary conditions expect the speed of 
sound at pulsation frequency of 300 Hz was found to be 460 m/s. 

 

                          
Figure 9.1. Geometric shape of the straight pipe 

 

9.1.2 Data Analysis 

 Data collected at  operating condition having evaporating temperature of –
50°C , condensing temperature of –20°C and NH3   was  analysed to check 
for resonance. The compressor motor speed was varied from 2400 rpm and 
2200 rpm thereby changing the pulsation frequency. 

The following are the data obtained at different pulsation frequencies. It is 
indicated here by the motor speed. An frequency domain plot of incident 
wave is plotted simultaneously. 
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Rotation speed : 2400rpm    Fundamental  pulsation frequency : 200 Hz 

 
Rotation speed: 2200rpm  Fundamental  pulsation frequency : 183.33 Hz 

 
Figure 9.2. Incident wave, Reflected wave, Total wave along the length of 

the pipe and frequency domain plot of incident wave. 

x-axis:Length of pipe(m)  y-axis:Pressure Amplitude(bar) 

 
It can be seen from the graphs that the fundamental natural frequency of the 
pipe it around 70 Hz and third harmonic at 210 Hz and fifth harmonic at 
350 Hz . At rotation speed of 2400 Hz  the fundamental pulsation frequency 
of 200 Hz is closer to the second harmonic of 210 Hz. This could be the 
reason for higher incident wave amplitude of  incident wave in comparison 
the wave amplitude at 2200 rpm. 
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9.1.3 Correlation  

An correlation between the Femlab and Famos was obtained. The 
maximum amplitude along the length of the pipe was plotted. This 
comparison shows a good correlation between the numerical analysis and 
experimental data. It is evident from the figure 9.3 that there is small 
divergence between the simulation and experimental data. The reason could 
be that the measurement points were few compared to the simulation. Also, 
from figure 8.3 the measured value exhibits a small non linearity by 
steeping of the curve seen clearly in sensor 2 while Femlab does not 
consider nonlinearity. 

 

 
Figure 9.3.Correlation between numerical Analysis and Experimental data. 
 

9.2 45° Cut pipe 

9.2.1 Simulation 

The model paramenters, subdomain conditions and bourndary conditions 
remain the same as that of straight pipe. In the geometry of the pipe there is 
45 cut at the oil seperator end of the pipe. The speed of sound estimated 
from experimental data was found to be 470 m/s. 

                           
Figure 9.4. Geometric shape of the 45 cut pipe 
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9.2.2 Data Analysis 

Data collected at an operating condition of –50°C/ –20°C was analysed to 
check for resonance. The compressor motor speed was varied from 2400 
rpm and 2200 rpm thereby changing the pulsation frequency. 

The following are the data obtained at different pulsation frequencies. A 
frequency domain plot of the incident wave is plotted simultaneously. 

Rotation speed : 2400rpm  Fundamental pulsation frequency : 200 Hz 
  

 
Rotation speed: 2200rpm  Fundamental  pulsation frequency : 183.33 Hz 

 
Figure 9.5. Incident wave, Reflected wave, Total wave along the length of 

the pipe and frequency domain plot of incident wave 

x-axis:Length of pipe(m)  y-axis:Pressure Amplitude(bar) 
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It can be seen from the graphs that the fundamental natural frequency of the 
pipe it around 77 Hz and third harmonic at 231 Hz . At rotation speed of 
2400 Hz  the fundamental pulsation frequency of 200 Hz is closer to the 
third harmonic of 231 Hz. This could be the reason for higher incident 
wave amplitude at 2400 rpm. 
 

9.2.3 Correlation  

As earlier a good correlation of the maximum amplitude along the length of 
the pipe in both Femlab and Famos is obtained. 

 
Figure 9.6.Correlation between numerical Analysis and Experimental data. 
 

9.3 T section pipe 

9.3.1 Simulation 

In the simulation all parameters remain the same expect that  at the ol 
separator end an  T section was welded as in figure. Open boundary 
condition was modelled at both the ends of the T section. The speed of 
sound estimated to be 472 m/s. 
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Figure 9.7. Geometric shape of the T section pipe 

 

9.3.2 Data Analysis 

 Data collected at operating condition of  –50°C/ –20°C was analysed to 
check for resonance. The compressor motor speed was varied from 2400 
rpm and 2200 rpm thereby changing the pulsation frequency. 

The following are the data obtained at different pulsation frequencies. A 
frequency domain plot of incident wave is plotted simultaneously.  

 

Rotation speed : 2400rpm   Fundamental  pulsation frequency : 200 Hz 
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Rotation speed: 2200rpm  Fundamental  pulsation frequency : 183.33 Hz 

 
 

 Figure 9.8. Incident wave, Reflected wave, Total wave along the length of 
the pipe and frequency domain plot of incident wave 

x-axis:Length of pipe(m)  y-axis:Pressure Amplitude(bar) 

It can be seen from the graphs that the fundamental natural frequency of the 
pipe it around 82 Hz and third harmonic at 246 Hz . Therefore the higher 
wave amplitude at 2400 rpm than at 2200 rpm. 
 

9.3.3 Correlation  

As earlier a good correlation of the maximum amplitude along the length of 
the pipe in both Femlab and Famos is obtained. 

 
Figure 9.9.Correlation between numerical Analysis and Experimental data. 
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9.4 Inference 

By comparing the three geometries namely the straight pipe, 45 cut pipe 
and the  T section pipe  its obvious that the wave amplitude is greater in the 
case of straight pipe than the 45° cut pipe and  T section. Further, the 
importance of separation of incident wave from reflected wave was 
highlighted. 
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10 Conclusions 

This work shows that the pulsation measurement error can be greater than 
60% of its true value due to sensor position and the presence of reflected 
waves. 

This method helps to reduce  the error due to sensor location and presence 
of reflected wave. The program written in Data analysis software FAMOS 
has the facility to reconstruct the signal at any position in the discharge 
pipe. The speed of sound earlier unknown in the discharge pipe was also 
estimated dynamically. It is interesting to note that the speed of sound was 
close to the speed in dry ammonia. 

It was generally accepted that an extended length of piping without 
discontinuities and at least 40 feet(12.2) with minimum radius of 30 times 
pipe diameter will not generate reflections. But with this proposed method 
it is not essential to use extended length of pipe for the pulsation 
measurements [7]. 

In the experimental results it was noted that there is an reflection from the 
oil separator end changing the wave phase by half a period, thus creating a 
standing wave in the discharge pipe. The length of the gas column extends 
into the compressor by approximately  0.4 meters. 

The simulation program in FEMLAB could be used to calculate the 
eigenfrequencies of complex geometries of discharge pipe. Also, FEMLAB 
could be used to find the maximum amplitude of the wave along the length 
of  the discharge pipe. 

A detailed simulation model including the compressor discharge housing 
and the oil separator could be a scope for future work.. 
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