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PIOTR CYKLIS1

C8D identification of generalised transmittances for any element
of pulsating gas piping system

Prwure pulsation in positive.displacement gas compressor manifolds can significantly affect the
qdy of the enerry required for gas compression. One of more difficult problems with the anabrsis of
me pulsations is proper description of the acoustic effect of gas manifolds. The most used analysis
ó H on the classical Helmholtz model, where arr element of the piping system is substituted by a
qlc*Oon of Ńraight segments of the pipeline of known length and diameter. Quite a large number ofJhałĘ of a piping system ca.rr be described properly in this way. However in many cases this model is
_6ciłnt. An attempt to the analysis of other shapes was presented in [2-4|, but only simple geometry
JE *ś were considered. The aim of the present paper is to show a new method of the computational
ffication of any element of the piping system, i.e. elements with complex transmittance matrix for
d dement using the CFD simulation package. On the basis of CFD simulation results the elements of
& uałmitta"rrce matrix are calculated defining in such way the installation element. The results of the
&rdop€d method have been compared with the results of Helmholtz model showing better accurac5r.

Nomenclature
§orlrr rralues

ł - flow damping coefficient,
G - sound velocity,
D - diameter,
! - length,
:orir- mass flow rate,
9 - pre§srrre,

Gmplo< values

i: ł-L - imaginary unit,
F - complex pressure (after FFT),
{ - complex mass flow rate (after FFT),
T - trarrsmittance,

Complex matrices

- four pole matrix,
- impedance matrix,
- transmittance matrix,

s
v
lD
p-
T-
a

cross section area,
volumetric flow rate,
velocity,
density,
time,
frequency.

L: {au}Z: {złi}T: {tt;}
ITechnical University of Krakow, 31-864 Krakow, al. Jana Pawła II 37, Poland



34 P. Cyklis

1. Introduction

In positive-clisplacement complessor manifo]ds there are pressure pulsations
due to their cyclic operation. This refers mainly to reciprocating complessors,
rotary piston and sliding piston compressoTs ratlrer tlran to sclew or scroll com-
pIeSSoTS.

Tlre analysis of pressure pulsations in these complessols systems is important
for various leasons) some of which are being presented below:

r they directly affect the quantity of energy required for medium compTes_

sion due to dynamic pressure charging, or inverseiy, dynamic suppression of
suction and discharge processes;

r they cause mechanical vibrations of compressed gas piping systems, whiclr
might sometimes lead to their damage;

r they cause aerodynamic and meclranical rroise;

o they affect the dylramics of working valves in valve compressors, which leads
to their dynamic leakage or early wear;

o they intensify the process of convection in piping systems;

o the flow transient state affects tlre piping hydraulic resistance;

o the pressure pulsation waves propagating in the piping system carry with
them useiess acoustic power.

The research and analysis methods of pulsating gas flow used at present can
be divided into three groups:

o experimental,
o analogue,

o tlreoretical, based on computer simulation.

The experimenta} methods, practically, are used only to confirm theoretical
models. The analogue methods based on electro-acoustic analogy used to be im-
portant before computers came into common use; now they are rarely employed
due to their simpiifying assumptions, similar to those used in numerical methods.

The theoretical methods can be divided into two groups:

o methods based on Helmholtz anaiysis and solution of telegraph equatiorr in
complex domain,

o one-d"imension (finite difference, metlrod of characterisiics) or multidimension
CFD methods (FEM, BEM, FDM).

An advantage of the CFD method is tlrat the assumption of small distrrrbance
propagation is given up. These metlrods are useful in vehicle exhaust silencers de-

sign. Compressor piping systems, however, are mrrch more complex. In gas com-
pTessor stations sucłr systems ale several hurrdred meters long. Incorporatirrg of
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:he whole geometry of such piping into the CFD program would be burdensome
.r-en if the computer calculation time, unrealistically long now, were to be shor-
:ened in the future. This is why the pure CFD method for vast piping systems
seems non-applicable.

The Helmholtz method, which is the basis for commercial companies dealing
rith pressure pulsation damping (ex. PULSCO), contains many simplifying as-
sumptions. This is because each element of the piping system is substituted by
:. straight segment of known diameter and length, In many cases, however, this
*,odel is insufficient. An attempt of the analysis of other shapes was presented in
1-3], but only simple elements (circle, pipe, cylinder) were considered. The aim
:: the present papel is to show a new method of identification of any element
,: lhe piping system, i.e. elements with complex transmittance matrix for such
._ęnent by means of CFD simulation.

], Generalised Helmholtz model

The classical Helmholtz model is based on the solution of wave equation for
i -:raight piping section (2.1). Those equations have several assumptions: the

"_::litude of the pulsation is small compared to the average value, gas is ideal,
l__-.-nave motion is considered (no mean flow). Tlre result is a four-pole matrix,

,: sirown in (2.2) and (2.3). Elements of this matrix {ali} are calculated for a
.::aight pipe segment. The complex impedance Z with e}ements {z;7}, defined by
2.3) is used alongside the four-pole matrix. It may be easily transformed both

-łays A-Z and Z-A. This approach is limited to rather uncomplicated cases.
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Zi*l, i*l

Fig. 1. Graph of tlne Z matrix elements.

The aim of the present paper was to work out a method of identifying the
elements of those matlixes. For further investigation it is necessaly to defirre
complex transmittance functions. The transmittances are defined below;

rpQu): +
Tx4(tu): W
Tpy(tu): -#

An interrelation between the Z matrix elements and complex transmittance
functions can be introduced as (2.7). This system contains two equations witłr
four unknowns with no unique solution.

. pressuTe transmittance

r flo,w transmittance

. pressule-flow transmittance

r flow-pressure transmittance

(2.6)

1 - zll ,rpu : - zi,i+I ,f ,r\
Tup : zt+l,t- rrl,,!*, Tu I

(2,7)

Tplp(lu) :'#

Pi

^Ą'

Additional dependencies to solve it can be obtained on}y when complex im-
pedances Zg and Zp aTe used (2.8),

|72k,0 - (2.8)

where 0 - means the pipe beginning, and k - the end.
This means that the manifold transmittance values defined in (2.6) are valid

only for an element in a specified place in the defined piping system.
If, however, the transmittance for known values of Zg and Zp cou\d be defined,

the interrelation between Z, T and A matrices cou]d be derived, This means that
transmittances 7 could be used to caiculate matrices Z and A, Tlre simplest way
to derive them is when Zp : 0 or Zg : @, in case of reverse flow for Zo : 0 ot
Zk: *, For simulation, see cases shown in trig. 2.
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P.
l

z-<

:), d).

Fig. 2. Four flow cases used for CFD simulation.

The transmittance values described above can be defined by means of CFD
=irulation because in all cases the flow excitation is determined at the bourrdary
_,:ndition. The other four transmittance functions (two straight ones and two
:;,,erse) would need pressure inlet conditions, which in case of CFD simulation,

"",rih no flow excitation, often gives ambiguous results.
It may be derived that the transmittance values calculated in this way expli-

:_:i1- define the elements of matrices A and Z. Writing down the impedance
:=pendencies for a, brcrd cases as shown in Fig. 2 we get:
_l.

P,i,:zu..Mr i '. _ _rr
Ą+t : zź+t,t, tWrI - 'iłI'i - ta (2.70a)
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P,i,:Złr,Mł+zl+t,r,Ml+t l -. _ _ro
0 : ą+I,i. Ml, * zi+l,ż+l ) Mo*rI = "o*','*' 

: 
Ę

,Mi-z1,1+t,Ml+t 1*_ _Tc
zt+l,t, Ml. - zl+t,l+r, Mo*rl =' zi'i: ń

Pż:-zi,i+t.M+l l.._ __Ę
Pź+t: -zt+t,r, M+tI ---? źi'i+I - lc

(2.iOb)

(2.10c)

0: -zii
Pt+t: -

(2.I}d)

The derived dependencies (2.10) determine uniquely the complex impedance
matrix Z, which means that the lumped element of the manifold is identified. It
was shown that four CFD simulations ale necessary, see Fig, 2 a, b, c, d. The
figures clearly point out the way of defining the closing boundary condition by
means of either constant pressure or rigid wall,

The simulation for each transmittance of the four cases and several harmonics
3 iaborious and time consuming, therefore the application of the system response

M.
t

z:o
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to excitation by unitary or impulse function is more favourable, The unitary
function is defined as:

1ń(") : {? i:;
r<0
r>0 (2.11)

The Laplace transform ofthis function is equal to 1/s. The system lesponses
to the unitary excitation 1-Mi ot LM+t depending on cases (a, b, c, d in Fig.
2) are respectively: 1Ą+t, lMł+l, LPi, lPi,,1, Generally in notation, if 1X(s)
denotes unitary excitation, 1Y(s) - Iesponse of the system, then if, on the basis
of simulation, 1Y(s) is determined for four cases then the transmittance may be
calculated as:

f(s) : s, 1y(s). f tz1

Tłris means that for a computed unitary lesponse of the system in each of the
four cases a, b, c, d the clraracteristics of the given object can be determined.

A similar ana}ysis can be done using impulse delta function as a flow excita-
tion.

Analytically, the transmittance values can be determined for a section of pi-
peline of constant cross-section ,9 and lengtlr I [1].

3. Application of CFD identification for a pulsation damper of special
design

In order to compare the results of the method worked out against the expe-
rimental results I have decided to use this method for the analysis of pressure
pulsation damper, slrown in Fig, 3, For the muffier shown in the Fig. 3, the'co-
nventional Helmholtz method was used to calcu]ate its four-pole matrix, Then a
CFD model was set up.

A mode] was made in a cylindrical co-ordinate system, using axial symmetry,
which reduced the case to the two-dimensional one. The geometrical model was
then implemented in the PHOENICS code on PC. The space grid was divided
into 39 parts unequal due to geometry along the radius and 86 parts along the
symmetry axis. TIre analysis was done for an unsteady state flow, at both uni-
tary and impulse function excitation with the velocity amplitude 10 [m/s]. It was
decided to use the time lange 0+2|s], divided unequally (more densely at the
beginning) into 131 parts.

In order to transfer the CFD calculation results into generalised transmittance
functions model the functions of pressure and mass flow rate at inlet and outlet
cross-sections were averaged. Examples are shown in F'igs. 4 and 5, for the case
of flow-pressure transmittance (Fig. 2a).

On the basis of plots (Figs. 4, 5) for response for unitary and imprrlse exci-
tations tire graphic parameters were identified for transmittance of the first and
second order, in a genera] form shown below:
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El measured

Ęl Helmholtz method

Zl CFD Ior&r trłnsmittanc€s

§l CFD tror&r transmittalrces

345
number ofthe succedng barmonics

Fig. 3. The gas pulsation muffier of special design used for the method verification.

a) first oldel transmittance (only damping and time lag):

m/ _\ K -sArT(s) :1+"(.e-s.?- (3.1)

b) second order tlansmittance:

(3.2)

Values of coefficients for transmittance functions (Fig. 2) are given in Table 1,
The experimental verification of the presented identification method was based
:r the results of measurements of the pressule pulsation before and aftei the
-:,:ffer mounted in the compressor manifold. The pressure pulsation registered
.-ner the muffier was used as a source, and recalculated in a special way (detailed
-ethod is shown in [1]) to obtain moving forward and backward pressure wave.
l]ren it was possible, after some matrix transformations, to calculate pressure
: efore the muffier on the basis of three methods: the Helmholtz model based
_:,nl,entiona1 method, Ctr'D based I'Ź order transmittances and CFD based II"d
,lder transmittances.

The comparison of pressure pulsation at the measurement point before the
:,uffier, both measured and obtained using transmittances of the first and second
,:der as well as by the Helmholtz method have been shown in Fig. 6.

Significant harmonics calculated from t]re pressure pulsation run (Fig. 6) have
]rĘ€rr colTlpa,red in the Fig. 7,
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Fig. 5. Response for impulse excitation,

Table 1. Values of coefficients in the 3,1 and 3,2 formulas

Tlansmittance K ao ( Ar

To 28154 22 0.053 0.187

lb _0.8 0.095 0.186

lc 46754 22 0.060 0.190

rd -1 12 0.130 0.185

The results of calculations have been summed rrp in Table 2. The agreement
lrith the experiment is definitely improved when using CFD methods, and it is
better than in the case of the classical Heimlroltz model,

To sum it up, it shou]d be stated that t}re obtained results of identification
using CFD modelling are encoluaging. Even a simple modei of the first order
gir-es a better solution when compared with tlre classica] Helmholtz model.

4. Conclusions

A Cirect application of CFD methods in modelling of gas compressor station
L< u,.eles_.. not only because of vast computation time, but first of all because of
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Fig, 6. The comparison of the pressure pulsation: measured and calculated using three methods.

Table 2. Comparison of the peak to peak pressure pulsation amplitudes

frev/min] experiment

Ap [kPa]

Helmho]tz method CFD simulation

I order

CFD simulation

II order

Lp

[kPa]

difference

l%1

L,p

[kPa]

differenc

.L%}

L,p

[kPa]

difference

L%l

1300 12.5 L.2 9o% 7.ó 40% L2,2 2.5%

time and labour consumption when feeding the data into computer. That is why
it is more convenient to use the presented method to identify the parameters,
i.e. complex transmittances. In this method, with the assumption of linearity, the
Laplace transform gives complex transmittances of any element of the gas network
for identified elements only as a response to impulse or step function excitation
using CFD simulation. So the whole network tlren can be easily modelled using
matrices for each element and mathematically assembling them together.

The conclusions from the application of this method are:

o the object identification based on CFD simulation, in the case of strong
damping gives better results than the classical Helmholtz model in the
aspect of pressure pulsation amplitude, even using transmittance of the first
order containing only damping and time lag. tlowever, it should be expec-
ted that for simpler geometries (pip", tank, oil separator), the Helmholtz
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Fig. 7. The comparison of the pressure pulsation harmonics.

model will be still more advantageous than the first order transmittances;
o simulation lesults ale significantly improved when the second oldel trans-

mittance of four parameters is adopted for the installation element identi-
fication. Then the presented out method gives much better agreement,v/ith
the experiment than the Helmholtz model.
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Identyfikacja uogólnionych transmitancji dla dowolnego elementu
instalacji pulsującego gazu za pomocą symulacji CFD

streszczenie

Pulsacje ciśnienia w instalacjach sprężarek wyporowych rnogąznaczqco wpływać na ilość energii po_
;-ebną do przetłaczania czynnika. Jednym z trudniejszych problemów przy analizie pulsacji ciśnieniajest
rłaŚciwy opis efektu oddziaływania akustycznego elementów instalacji. Najczęściej dotychczas stosowaną

=alizą jest, bazujące na modelu Helmholtza, zastępowanie wszystkich elementów prostymi odcinkami
: za.stępczej Średnicy i długości, które są dobierane arbitralnie. Wiele elementów można w ten sposób
"r-modelować z wystatczajry,ą dokładnością. Jednakże w przypadkach o z|ożonej geometrii (np. odole-
-acze, tłumiki pulsacji) takie podejście prowadzi do znacznych różnic pomiędzy wartościami przebiegów
nierzonych a wynikającymi z obliczeń, ce]em autora było opracowanie nowej metody bazującej na sy-*:1acji CFD (Computational Fluid Dynamics) określania transmitancji zespolonych dowolnego elemeniu
,-talacji. Tbansmitancje te w sposób jednoznaczny okreslają oddziaływanie akustyczne elementu w in-
;alacji, a zatem jego wpływ na propagację fali pulsacji ciśnienia. Rezultaty wynikające z opracowanej
=etody zostały zweryfikowane doświadczalnie i porównane z wynikami uzyskiwanymi metodą klasyczną,
q;kazując zdecydowanie lepszą zgodność.
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