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Abstract

The aerodynamic noise emitted by a subsonic flow of dry air through an orifice plate is estimated in terms of internal
sound power level and external sound pressure level (SPL) by application of the methodology described in the interna-
tional standard IEC 60534-8-3. A shortcoming of the standard in defining the efficiency of the transformation of the
mechanical energy of the flow into acoustic energy is discussed. Experimental evidence of the matter is also described.
An alternative model employing the resolution of Reynolds Averaged Navier-Stokes equations (RANS) by means of
Comeputational Fluid Dynamics (CFD) techniques for the calculation of the acoustic power generated by the turbulent

flow through the orifice plate is applied so as to overcome the issue.
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Introduction

Aerodynamic noise in flow-regulating devices (e.g.
valves, flow-measuring diaphragms) is generated by the
turbulent flow of a gas through the inner body of the
element and it’s a well-known problem in such fields as
Oil & Gas (O&G) or Heating, Ventilation and Air
Conditioning (HVAC). In fact, the noise emissions so
caused may reach hazardous levels for the health of the
work personnel in the neighborhood of the device.
Furthermore, the aerodynamically generated sound
pressure field downstream of the regulator may cause
structural damages to the piping system if its frequency
content is close enough to the natural one of the latter.'
High enough levels of the overall sound pressure fluc-
tuations independent of the frequency distribution are
also known to be the source of structural problems.”

Even though the practical importance of the topic is
paramount, the coexistence of many different physical
phenomena (turbulence, self noise, sound transmission
along and through the pipe’s walls and propagation of
the acoustic pressure through the surrounding medium)
make the task of predicting noise emissions by flow-
control devices a highly complex one.

Interest in the discipline steadily arose since the end
of the 1960s, when the advancement in the field of
aeroacoustics applied to jet engines pioneered by the
works of Lighthill** shed a new light on the phenom-
enon. Due to the intrinsic difficulty of the subject, most

of the early research in control flow devices has been
experimental in nature. Among the earliest works one
may cite the experimental campaign by Jenvey® on the
aerodynamic noise generated by flow through simple
orifice plates placed in circular ducts. In his work,
Jenvey derived a relationship between the applied pres-
sure drop across the valve and the acoustic power
emitted by the orifice. He did so by a rewriting of the
formulation obtained through dimensional reasoning
and experimental campaigns by Lighthill for free tur-
bulent jets, therefore assuming a quadrupole-like
source for the aerodynamic noise of control devices.
The theoretical results closely followed those obtained
by an experimental campaign. However, Blake® later
contested that the orifice plates employed in Jenvey’s
work had too small of a hole-to-pipe diameter ratio,
therefore favoring the quadrupole source linked to tur-
bulence proper over the dipole source due to the inter-
action with the solid surfaces. This last observation
may be of particular importance for the case of subso-
nic flows, as demonstrated by Nelson and Morfey.” In
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their work, the noise issuing from spoilers in rectangu-
lar ducts, commonly found in the HVAC sector, was
studied in detail. In particular, the authors argued that
the main contribution to noise generation is the dipole
distribution caused by the exchange of a fluctuating
drag force between the fluid and the orifice surface. By
making the hypothesis that the fluctuating component
of such force is directly proportional to the steady-state
one through a generalized spectrum, they were able to
compute the sound pressure level (SPL) generated by a
series of rectangular spoilers of various widths. An
experimental campaign validated their results. Other
authors followed the lead of Nelson and Morfey’s
work, demonstrating the validity of the dipole-type
source for low Mach number flows.® !

The previous review of the literature highlights the
fact that the precise mechanism of sound generation by
control devices is still to some degree unaccounted for.
It is in this context that the International
Electrotechnical Commision (IEC)'? issued a standard,
the IEC 60534-83, currently in its third revised form,
which provides a method to estimate the sound produc-
tion of control devices through the knowledge of their
sizing coefficients and working conditions.'* The stan-
dard draws from the body of knowledge on the subject
by combining the results from the theory of Lighthill
for free turbulent jets and the models of acoustic trans-
mission through the pipe walls by Fagerlund and
Chou.'* The method has been successfully applied over
the years by the valve manufacturing community."”
However, in its development a large use of empirical
factors was made. This has led to a loss of case-specific
precision in favor of a more generality of the approach.

A particularly delicate matter in the standard is the
definition of the efficiency of transformation of the
mechanical energy of the flow into acoustic energy. In
order to do so the standard makes use of a parameter,
the valve correction factor for acoustical efficiency A,,.
Though indicated to be varying with flow conditions,
only generic constant values for given flow-control
device categories (e.g. orifice plates, butterfly valves)
are provided.

The present paper deals with this last issue of the
IEC 60534-8-3 standard. In particular, experimental
evidence from previous works of the variation of 4,, is
given and a literature model for the acoustic power of a
turbulent region is employed combined with numerical
results coming from Computational Fluid Dynamics
(CFD) techniques. This allows to obtain an a posteriori
estimate of the A4, coefficient, which is shown to vary
with the flow conditions.

The remainder of the paper is structured into four
sections. The acoustical characterization of flow-
control devices provided by the IEC 60534-8-3 is first
briefly described and the most important parameters
defined by the standard for this purpose are intro-
duced. Then, a sensitivity analysis of the predicted
external noise on two of those parameters, that is, the
A, coefficient and the Strouhal number for peak

frequency St,, is discussed. The dependency of the for-
mer on the flow conditions according to previous
experimental data is then shown. The acoustic model
for the evaluation of the acoustic power from CFD
numerical simulations is presented. The A4,, coefficient
is thus calculated for a perforated plate installed inside
a pipe under different flow conditions. The results are
then used for the prediction of the external noise
according to the procedure provided by the standard
IEC 60534-8-3. A comparison with the results obtained
by employing the values of A4, suggested by the stan-
dard for orifice plates follows. Finally, conclusions
about the alternative model introduced in this work are
drawn.

IEC 60534-8-3 summary

The scope of the standard is the estimation of the exter-
nal noise emitted by flow-control devices installed along
a pipeline where a single-phase gas is flowing. In partic-
ular, the noise emissions are expressed in terms of the
SPL at a point located 1 m far from the pipe’s external
walls and 1 m downstream of the valve’s outlet. Its defi-
nition is:

SPL = 20l0g;q (%) (1)
where p,,,,; is the root mean square of the pressure fluc-
tuations and p,., is a reference value of pressure corre-
sponding to 2:10°Pa. The SPL is measured in A-
weighted decibels or dB(A), thus taking into account
the human ear’s preferred sensitivity to a particular fre-
quency range."”” For its application, the standard
requires the description of a control device in terms of
certain fluid dynamic and acoustic parameters as well
as the hydraulics of the system (applied pressure differ-
ential Ap, upstream absolute pressure p;, temperature
T), the flowing fluid’s properties (inlet density p; and
specific heat ratio y) and the pipe’s structural properties
(diameter D, thickness s, and density p,). All hydraulic
quantities are measured 2D upstream of the device and
6D downstream of it.

With regards to the fluid-dynamic characterization
of the device, the standard makes use of the flow coeffi-
cient Cy, , the liquid pressure recovery factor F; and the
valve style modifier F,. In particular, the C}- coefficient
indicates the resistance opposed by the device to the
flow and it is expressed in the non-1.S. units of [gpm/
psi’]. The nondimensional F; factor is an indicator of
a valve’s capability of converting kinetic energy back
into pressure energy at its exit. Its values are limited to
the range [0,1] and the closer to unity the less efficient
the valve is at recovering kinetic energy, which is thus
dissipated into turbulent kinetic energy. Finally, the
non-dimensional F,; coefficient takes into account the
deviation of the mean flow downstream of the valve
from the benchmark case of a round jet; its value being
equal to 1 for simple orifice plates and less than one for
all other geometries of the flow passage area. The
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Figure I. Scheme of the IEC procedure for valve aerodynamic noise prediction.

evaluation of these parameters is performed according
to another part of the standard IEC 60534'° and can
be dealt with either through experimental or numerical
procedures.

The acoustic characterization of the device is
described in the standard in terms of the already men-
tioned nondimensional valve correction factor for acous-
tical efficiency A, and the Strouhal number for peak
frequency St,. The former is involved in the expression
of the efficiency of the transformation of part of the
mechanical energy into acoustic energy, that is, the
acoustical efficiency 7. The latter is involved in com-
puting the peak frequency of the acoustic pressure fluc-
tuations downstream of the pipe. The standard states
that these values could depend both on the geometry of
the device and on the flow conditions, that is, the
applied pressure differential Ap, the temperature 7, the
absolute upstream pressure p;. Unlike for the fluid-
dynamic coefficients however, no test procedures are
proposed for their evaluation, but instead constant val-
ues are listed for the most common flow-control
devices available on the market.

Figure 1 summarizes the main steps of the procedure
and the role played by the four mentioned parameters
in the noise computation.

The F; and the Cy are employed in the evaluation
of the mechanical power W,, of the flow together with
the hydraulic input data. A small portion of W, is con-
verted into acoustic power W, because of turbulence:
the ratio of the acoustic to mechanical power is defined
as the aforementioned acoustic efficiency n = W, /W,,.
Based on the differential pressure ratio x = Ap/p,, five
different regimes of noise generation are defined by the
standard. The present paper is limited to regime I,
whereby subsonic conditions are present both in the
upstream and the downstream branches of the pipe.
For such regime, the expression for the acoustic effi-
ciency is:

n = 104 F M2, (2)
where M, is the Mach number in the vena contracta,
itself a function of F; and of the specific heats of the
flowing gas +y through the formula:
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Figure 2. Dimensions of the ISA orifice plate.'®

The fundamental role played by the A4, coefficient is
clear, as it appears as the exponent in (2) and is there-
fore the most important parameter in defining the
amount of mechanical energy which is radiated as
sound downstream of the pipe. The transmission of
sound through the pipe’s walls is dealt with by the stan-
dard through a decomposition of the noise in frequency
bands, for which the filtering effect of the pipe is
applied; the St, is involved in such decomposition.
Finally, the SPL at 1 m downstream of the valve and at
I m far from the pipe is computed by assuming a cylind-
rical propagation of sound in the outside environment.

Parameters for acoustical
characterization

As flow-control devices regulate the flow by forcing the
passage of a fluid through one or multiple constrictions,
the flow at the outlet can be usually described as the
interaction of one or multiple closed jets. Indeed, jets
are one of the most studied configurations in aeroa-
coustics, either freely expanded or enclosed.'” As such,
the chosen benchmark configuration for the work pre-
sented in the paper is that of a perforated plate whose
axis is aligned with the pipe’s one, reported in Figure 2.
The sensitivity of the predicted noise levels on the two
acoustic parameters A,, and St,, is first performed.

The design of the tested orifice is the one described
in the ISA international standard (Figure 2).'® This was
done in order to remove any uncertainty relative to the
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Table |. Characterizing parameters for the ISA orifice plate,
from ISA and IEC 60534-8-3.

Cy 52 [gpm/psi®]
Fo 0.86 -
Fq I -
A, —4.8 -
St, 0.2 -

values of the fluid-dynamic parameters Cy-, F;, and F,.
The values of such parameters and the ones suggested
by the IEC for the acoustical ones are reported in the
following Table 1:

In particular, the values suggested by the IEC for 4,
and St, are those of a generic perforated plate config-
uration, with no regards to its design (sharp- or round-
edged, number of perforations, thickness of the plate).
The sensitivity analysis presented in the next section is
thus finalized to the evaluation of the effect of these
parameters’ uncertainty on the external noise and to
the identification of the parameter which most affects
the SPL prediction.

Noise sensitivity on the acoustic parameters

The influence of 4,, and St, on the SPL is investigated
at varying differential pressure ratios employing for the
two parameters values in the ranges found in the IEC
standard and the equations (2) and (3). The calcula-
tions are conducted with constant upstream absolute
pressure p; — 5.2barA and with a pressure drop Ap
going from 0.1 bar to 1.3 bar, the latter corresponding
to a jet Mach number close to 0.8. The IEC ranges for
the two parameters are A,c [—4.8,—3] and St,c
[0.19,0.3]. In Figure 3 the SPL obtained at different
pressure ratios x and the variability of the results with
the values of 4, and St, are shown. In particular, the
base curve (in black) is that obtained employing
A, - —4and S1,_0.2.

The sensitivity of the SPL on the value of 4,, is much
greater than the one on St,,. In fact, differences of up to
18 db(A) are measured due to the different values of 4,
employed, while the variation due to St, is limited to no
more than 3.6dB(A). It can be shown that a variation
on A4, of 0.1 induces a change in the predicted external
noise of 1dB." Because of the major influence of the
valve correction factor for acoustical efficiency on the
noise, the following sections are devoted to the analysis
of an acoustic model for the derivation of 4, which
considers its variation with the flow conditions.

n

Experimental evidence of A,, dependency on flow
conditions

The assumption of a constant value of the valve correc-
tion factor for acoustical efficiency 4, was shown to
underestimate the actual values of SPL. In particular,
Mazzaro®® measured the SPL of a perforated plate (of
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Figure 3. Variability of the external noise evaluated according
to the IEC procedure with the acoustic parameters A, and St
employing (2) and (3).
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Figure 4. Noise prediction according to IEC with A, =—4,
A, =-4.8 and experimental data. Figure adapted from Mazzaro.”®

a different geometry than the one subject of this paper)
inside an anechoic chamber according to the prescrip-
tions outlined in the IEC standard. The results are
reported in Figure 4, which shows the measured SPL
for varying x together with the estimated one using
A, - —4.8 (orifice plates) and 4, - —4 (dipole sources).

The experimental data shows that the IEC underesti-
mates the emitted noise and in particular the prediction
with A4, - —4.8 is always more than 10dB lower than
the recorded SPL. As expected from the previous con-
sideration about the influence of 4, on the SPL, the
two IEC series are just shifted of 8 dB because they are
computed with two A4, that differ of 0.8. It is thus pos-
sible to observe that a constant difference in the valve
correction factor for acoustical efficiency returns a con-
stant shift of the noise curves. Unlike the IEC data, the
experimental results are not shifted by a constant quan-
tity; instead, they get closer and closer to the results
obtained for 4, - —4 as x increases. This is indirect evi-
dence of the fact that the 4, factor is not constant with
the flow, otherwise a constant shift with the IEC curves
would have been observed.
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Acoustic model for A,, estimation

The A4,, factor can be obtained by inverting (2) once the
acoustic efficiency n is known. To be able to do this
means having an expression for the acoustic power W,
and the mechanical power W,,, being 5 their ratio. The
IEC formula for the mechanical power in noise genera-
tion Regime I is:

Wm = %Qm(Mchvc)z (4)

where Q,, is the mass flowrate and c¢,. is the speed of
sound in the vena contracta, for which the standard pro-
vides the formulas:

X
O = 27.3 <1 - 3XT> Cy/pAp

y=1

YP1 X\
RZAN (N I
P ( F i)
with x7 the chocking pressure differential factor, com-
putable either experimentally or numerically.

Since the IEC standard computes the acoustic power
in terms of n and W,,, and therefore in terms of 4,, a
different model for such quantity is here used. In par-
ticular, the model of Proudman for the acoustic power
density P of a fluid subject to isotropic freely decaying
turbulence in low Mach number flows is used.>' On the
one hand the model presents the advantage of being
able to describe the noise-generation mechanism in
terms of the statistics of the turbulence, that is, the tur-
bulent kinetic energy K and the turbulent dissipation
rate ¢. These can be readily computed through numeri-
cal simulations solving the compressible RANS equa-
tions in the fluid domain. On the other hand however,
the validity of the formulation in the case of the non-
isotropic turbulence generated by control devices and
the relatively high Mach numbers may be questionable.
Furthermore, as the model was developed starting from
Lighthill’s results for free turbulent jets, the possible
dipole-nature of the noise generation mechanism is not
considered. As for the assumption of freely decaying
turbulence, Proudman himself questioned it stating
that in such a case the turbulent energy dissipation may
just be represented by the rate of introduction of energy
in the flow in steady conditions. The expression for the
acoustic power density is:

P= e i,’“)s 5)

where c is the speed of sound and «p is a constant.

Different literature values for ap have been sug-
gested in the range (0.629,13); in this paper a re-scaled
model that sets it equal to 3.804 is used.?” The total
acoustic power can then be computed by integrating P
over an aptly defined source region:

Cye =

W = Jyp PLo)d (6)
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Figure 5. Acoustic power depending on the differential

pressure ratio X evaluated with A, = —4, A, = —4.8 and from V/\Z,

The source region (S.R.) is defined in this paper
according to Mesbah®® who considered it the flow
region for which the turbulent kinetic energy K is higher
than 20% of the maximum value attained. The hat is
here applied to distinguish the acoustic power estimated
with Proudman’s formula from the value W, computed
through the acoustical efficiency 1. Inverting the result-
ing equation, the estimation of the valve correction fac-
tor for acoustical efficiency is obtained:

A’fl = 10810 (Fi/l%jlwm) (7)

The described model for the acoustic power of the flow
is applied for the computation of the 4, factor for the
ISA orifice plate described above for varying flow con-
ditions. In particular, the RANS equations are used to
retrieve the average characteristics of the turbulent flow
field imposing the same differential pressure ratios as
the ones imposed for the noise sensitivity analysis in
Figure 3. The flow field is computed with compressible
RANS simulations run on a three-dimensional domain
without exploiting any geometrical symmetry.'"® An
hexahedral-type mesh was employed for improved con-
vergence, while the ideal gas law was set as the constitu-
tive equation for the fluid. The boundary conditions are
specified in terms of total pressure at the inlet and static
pressure at the outlet. Turbulence is modeled through
the RNG k — ¢ model, which returns the fundamental
turbulent statistics required for the application of (4).
The choice of such a turbulence model is based on pre-
vious studies indicating a better performance in case of
sudden expansion of the flow.**

Results and discussion

The numerical acoustic power fV\a so obtained is com-
pared in Figure 5 to the one returned by application of
the IEC procedure with 4, equal to —4 and —4.8, that
is, the values suggested for a generic dipole source and
an orifice plate respectively. The acoustic power
obtained through Proudman’s expression for W, is
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Figure 6. Curve of K; as function of the jet Mach number. The
horizontal lines represent the values A, = —4and A, = —4.8
suggested by the |IEC.

between that computed using the two constant values.
This suggests that the model in equation (5) may be
reliable, since it returns a prediction which is consistent
with the results suggested by the international standard
IEC. Furthermore, all curves display the same qualita-
tive behavior, that is, an exponential-like growth
with x. Fenini also showed that for the two curves
obtained using constant A4, values, the acoustic power
W, grows with the sixth-power of the mean flow velo-
city. From the theory of aeroacoustics, it is known that
such a dependency on the flow velocity is characteristic
of noise sources related to the exchange of forces with
solid boundaries present in the flow. Lighthill’s theory
however states that the acoustic power of the flow in a
turbulent jet must be dependent on the eighth power of
the mean flow velocity U. Since according to the IEC,
for noise generation regime I:

We= (10"F M) - W, — W, 10" U8 (8)
the only way to make W,o<U® is to impose:
10%0U? — A4, o 2log, U 9)

This theoretical analysis is confirmed by the graphi-
cal representation in Figure 6 of the 4, curve obtained
from W,. In particular, 4, shows a logarithmic rela-
tionship_with the jet velocity U. For small pressure
drops, 4, is lower than —4.8 and it reaches that value
only for a Mach number close to 0.4, corresponding to
a flow with low compressibility effects. Further increas-
ing the pressure drop and therefore the velocity, the 4,
factor increases logarithmically toward the value —4,
suggesting that the acoustical efficiency 7 of the orifice
grows with the pressure drop.

The underestimation of 4,, for low Mach numbers is
an acceptable error because in these flow conditions
the compressibility effects are very weak and low noise
generation is expected. This is confirmed by the analy-
sis of the external noise computed in terms of SPL with
Ay (Figure 7). In fact, such value is lower than the one
predicted by the standard for low pressure drops, and

Figure 7. External noise in the position indicated by IEC
60534-8-3, depending on the jet Mach number: comparison of
the values returned with A, = —4, A, = —4.8 and A,.

in particular for jet Mach numbers lower than 0.4.
Even though this result means that Proudman’s model
for the acoustic power is underestimating the noise
emissions (nonconservative prediction), it must be high-
lighted that this error is committed for an external SPL
that is lower than 40 dB(A) (corresponding to the noise
intensity of a normal conversation), which is not the
usual target in industrial applications. On the contrary,
for significant noise levels, the prediction with W,
returns higher values than with 4, - —4.8, which is
indicated as the characteristic value for perforated
plates.

Conclusions

The procedure for the estimation of the acoustical
emissions of a control-flow device according to an
international standard (IEC 60534-8-3) was presented.
In particular, emphasis was put on the five parameters
characterizing the procedure. Three of them, that is, Cy
, Fr, and F,, can be computed with tests, either numeri-
cal or experimental in nature,” proposed by the same
standard. No guidelines are instead provided for the
evaluation of the other two, that is, 4, and St,, for
which only constant values are tabulated for the most
common valve categories on the market. A sensitivity
analysis of the external noise on the latter two showed
that A4,, the valve correction factor for acoustical effi-
ciency, is the one that most affects the SPL prediction.
An alternative procedure based on a literature model
for the computation of the acoustic power from CFD
simulations solving the compressible RANS equations
was employed for estimating A, and predicting the
emitted noise of a simple orifice subject to subsonic
flow. The results showed that the obtained acoustic
power lies between the values computed with the proce-
dure suggested by the standard for a generic dipole
source, A4,=—4, and for a generic perforated plate
A, =—4.8. The comparison of W, and W, defines the
curve of 4,, which shows a logarithmic proportionality
to the flow velocity, resulting in an increase of the
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acoustical efficiency of the studied orifice with the
applied pressure differential. The comparison of the
external noise shows that the numerical prediction is
lower than the IEC one only for SPL lower than
40dB(A) (harmless noise) while it is in accordance with
the IEC prediction for jet Mach numbers higher than
0.4. The results here presented are thus an advancement
on the characterization of the A4, parameter, because
its variation with the pressure drop was described. The
proposed approach based on CFD and on the
Proudman model for W, may be extended to the pre-
diction of A4, for more complex devices.
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