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Abstract

More energy efficient fans, i.e. larger sizes running at lower speeds, in Heating Ventilation and Air
Conditioning (HVAC) systems decrease the fan noise and increase the importance of flow generated
noise in other system components, e.g., dampers and air terminal devices.
In this thesis, an extended prediction model, using semi-empirical scaling laws, for flow noise
prediction in HVAC systems at low Mach number flow speeds is presented. The scaling laws can be
seen as a combination of a generalized noise spectrum based on experimental data and constriction
flow characteristics, where the latter can be gained from Computational Fluid Dynamics (CFD)
simulations. The flow generated noise can be predicted by semi-empirical scaling laws to avoid a
time consuming, fully resolved simulation or measurement.
Here, an approach is suggested where the general noise spectra are combined with turbulent data
obtained from Reynolds Average Navier Stokes (RANS) simulations. A model is proposed using
a momentum flux assumption of the dipole source strength and a frequency scaling based on the
constriction pressure loss.
To evaluate the applicability of the semi-emprical scaling law on different HVAC geometries both
literature data and new measurement data are considered. Focus is at comparing geometries of
high and low pressure loss but also to discuss the differences in other properties, e.g. radiation
characteristics. A general noise reference spectrum is determined by a best fit calculation of
measurement data including orifice, damper and bend geometries. Air terminal devices at the end of
a duct are also evaluated and compared to constrictions inside ducts. The expected accuracy of the
suggested model and its challenges as a tool for flow noise prediction of non-rotating components
in HVAC systems are discussed.
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Sammanfattning

På grund av ökade energieffektivitetskrav har större fläktar som roterar med lägre hastighet börjat
användas i byggnaders ventilationssystem (HVAC). De lägre hastigheterna har minskat ljudnivån
från fläkten och ökat betydelsen av strömningsalstrat ljud från andra systemkomponenter, t.ex.
spjäll och luftdon.
I denna avhandling presenteras en förbättrad prediktionsmodell, utifrån semi-empiriska skal-
ningslagar, för strömningsalstrat ljud i ventilationssystem. Skalningslagarna kan ses som en kom-
bination av generella ljudspektra och strypningens specifika flödesegenskaper, där det senare kan
fås från Computational Fluid Dynamics (CFD) simuleringar. Semi-empiriska skalningslagar är ett
alternativ för att undvika tidskrävande mätningar eller fullt upplösta simuleringar.
Ett tillvägagångssätt presenteras här där det generella spektrat, bestämt utifrån experimentell
data, kombineras med data från Reynolds Average Navier Stokes (RANS) simuleringar. En pre-
diktionsmodell föreslås där källstyrkan hos dipolkrafterna definieras utifrån rörelsemängd och
frekvensskalningen utifrån strypningens tryckfall.
För att utvärdera vilka HVAC geometrier som kan ingå i den generella modellen analyseras både
resultat från litteraturen samt nya mätningar. Avhandlingsarbetet fokuserar på att jämföra geo-
metrier av högt och lågt tryckfall men också på att diskutera skillnader i andra egenskaper såsom
strålningskarakteristik t.ex. genom att jämföra luftdon i slutet av en kanal med strypningar inuti
kanalen. Ett generellt ljudspektrum föreslås utifrån en anpassning av mätdata för strypningar, spjäll
och böjar. Modellens förväntade noggrannhet och dess utmaningar som prediktionsverktyg för
icke-roterande komponenter i ventilationssystem diskuteras.

Nyckelord: flödesalstrat ljud, bullerprediktion, HVAC
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1 Introduction

Indoor noise levels have major negative effects in many situations e.g.
on learning capabilities in schools [1, 2], recovery in hospitals [3] and on
sleep disturbance in residential buildings [4]. Research on comfortable
indoor environment, e.g. [5], demonstrates the relations and the impor-
tance of noise levels to the indoor comfort. One of the main indoor noise
sources is the HVAC system. The HVAC system is supposed to deliver
a healthy indoor climate where apart from temperature, air quality and
air velocity, a low noise level is crucial. To minimize the effects on hu-
mans, noise regulations [6, 7] demand low indoor noise levels which are
often challenging for the HVAC system to achieve.

A reduction of energy consumption in today´s society is in great fo-
cus, where heating, cooling and air exchange is one of the main elements
of energy consumption in buildings. With lowered component pressure
drops and increased efficiency of heating and cooling batteries a consid-
erable amount of energy can be saved. A challenge for HVAC compo-
nents is to deliver a healthy indoor climate in combination with high
energy efficiency without extending the space required in the building.

On a global market, products need to be developed for a wide range
of conditions. For example, in a warm climate higher cooling is required
compared to the airflow in a cooler climate. To adapt the products, dif-
ferent means of limiting the airflow are introduced resulting in tougher
noise generating conditions to control. For more flexible and energy ef-
ficient products an improved understanding and ability to predict the
acoustic properties are desirable.

Traditionally the focus of the HVAC system flow noise has been the
sound generation from fans, while the fan historically has been the main
noise source of the system. Due to increased demand of energy effi-
cient solutions, larger fans rotating at lower speeds are nowadays used.
Lower speed decreases the fan noise level and increases the dominance
of flow-generated noise to other system components, e.g., dampers and
air terminal devices. The frequency contents of the HVAC flow noise can
overall be divided into fan related low frequencies and mid and high
frequencies from flow noise of other system components. In a system
where more noise sources are of importance and the energy efficiency is
in focus the designer has a more complex task, e.g., as discussed by the
author in [8].

When designing a HVAC system, potential flow noise generation
needs to be estimated since measurement data is not available until
the exact product and duty point is specified. It would be beneficial to
avoid system changes at a later design stage, by early identification of
the dominating noise sources, from purely the flow characteristic infor-
mation. In a product development process the lack of early prototypes
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or the limitation of project time causes the wish for a general noise
prediction approach. General guidelines and reference spectra for air
conditioning system components can be found in, e.g., ASHREA Hand-
book for HVAC Applications [9] or VDI 2081 Noise generation and noise
reduction in air-conditioning systems [10]. Still, to avoid the need of
geometry specific data measured at specific duty points a more general
approach, valid for a large range of ducted components, is desirable.
As suggested in this thesis, a general or universal scaling law can en-
able such a noise prediction by combining semi-empirical scaling laws
with the component flow characteristics gained from CFD simulations
[11, 12].

1.1 Literature review

The field of aeroacoustics involves sound generation from fluids in mo-
tion. It was initially the need to reduce noise from jet engines that
caused the development of the theories in the 1950:s and James Lighthill
is traditionally acknowledged as the initiator [13]. Curle [14] included
the sound generation from flow around non-moving solid bodies. Pow-
ell and Howe demonstrated the importance of unsteady vorticity as a
source of sound and that sound can also be dissipated through the inter-
action with vortical fluid motion [15, 16]. Their models enable reciprocal
action between sound and flow but are limited to low Mach numbers.
For HVAC systems low Mach numbers is a valid assumption and for
such applications detailed understanding of flow-acoustic interaction is
important, e.g., at sharp edges where flow separation occurs.

Modelling of noise prediction from air duct elements was initiated
by Iudin [17] in 1955. The more recent work on aerodynamic sound
production in low speed flow ducts is normally citing the work by Nel-
son and Morfey [18] from 1981 as their origin. Nelson and Morfey were
inspired by the work on flow spoilers by Gordon [19, 20] and the subse-
quent work by Heller and Widnall [21] who investigated the correlation
between the noise radiation and the fluctuating forces on flow spoilers.

The Nelson and Morfey model was derived only including dipole
noise sources, following Curles extension [14] of Lighthill´s acoustic
analogy [13], and assuming the rms fluctuating drag force acting on
the constriction to be proportional to the steady-state drag force. The
steady-state drag force was defined from the constriction pressure drop
and the duct cross-section area. The model was verified using a number
of strip spoilers and some orifice type geometries created as inverted
strip spoilers in rectangular ducts. Measurements were conducted us-
ing a rectangular flow duct connected to a reverberation chamber.

Oldham and Ukpoho [22] continued the work of the semi-empirical
scaling laws defining the constriction openness from its measured pres-
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sure drop. The new definition enables constrictions of more complex
geometries to be scaled but assumes a general validity of the openness
derived from a circular in-duct orifice. Measurements were conducted
on circular dampers at different angles and circular orifices with differ-
ent diameters in circular ducts.

A number of geometries have been tested to investigate the gen-
erality of the scaling laws. Measurements on rectangular dampers at
different angles can be found in e.g. the work by Ingard et al. [23].
Waddington and Oldham [24] measured the spectra for mitred bends
in rectangular ducts and Oldham and Waddington[25] investigated the
similarity when altering the air velocity and duct dimensions of differ-
ent types of bends. Gijrath et. al. [26] investigated a number of bends
and analysed the effect of rounding inner and outer corners. Sound
power was measured by an in-duct microphone array.

Nygård [27] introduced the concept of 2-ports to handle wave inter-
action effects in the plane wave range. Bend geometries were analyzed
and simulation results from a 2-port simulation code was compared to
measurement results. An in-duct measurement setup similar to the
one by Gijrath [26] was used. Allam and Åbom [28] investigated the
difference in noise generation between the up and downstream side of
an orifice geometry, by in-duct measurements, to enable an improved
low frequency description. The data was introduced into a 2-port model
and both the noise generating and the scattering properties were deter-
mined in the plane wave range using a method proposed by Lavrent-
jev et al. [29]. Ducret [30] investigated the sound generation for bends
and diffusers to enable improvements to tailpipe applications. Measure-
ments in a reverberation chamber were conducted using ducts with 1 to
5 diameters of duct length after bends of 45◦ and 90◦.

The possibilities of CFD simulations have introduced further tools
for developing the semi-empirical scaling laws and, e.g., enable virtual
prototyping. In order to numerically simulate the air flow, with a lim-
ited computational cost, some part of the turbulent field needs to be
modeled. In Reynolds Averaged Navier Stokes (RANS) simulation, the
whole turbulent part of the flow is modeled. This approach is less costly
than, e.g., Large Eddy Simulations (LES), where part of the turbulent
field is resolved in the simulations whereas the smaller scales, and their
influence of the larger structures, are modeled.

Mak et al. [31] measured strip spoilers in a rectangular duct. For
the strip spoilers, Mak et al. investigated in a series of papers [32-35]
data from CFD simulations as input to the scaling laws. The turbulent
quantities from the turbulence model in RANS simulations or from LES
simulations was used as input data. Guilloud et al. [36] investigated
the possibilities of a boundary element method extension of the Curles
analogy [37] using transient incompressible CFD data. The results of
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the HVAC diaphragms were compared to the measurement results by
Nelson and Morfey [18]. Jong and Golliard [38] recently suggested new
scaling options using RANS simulation data for the Curles analogy. The
maximum velocity and its distance to the duct walls was used for the
Strouhal number selection and the noise level scaling was obtained from
surface acoustic power approximated from turbulent quantities like tur-
bulent kinetic energy, dissipation rate and wall shear in a commercial
software.

An issue not comprehensively studied is the effect of inflow distur-
bances on flow constriction noise, the aim being e.g. to determine neces-
sary distances between duct components to avoid increased noise gen-
eration. Amiet introduced a theoretical model for the effect of disturbed
inflow on the broad band noise of an airfoil [39]. The spanwise corre-
lation lengths of the turbulence and the power spectral density of the
vertical velocity fluctuations were determined as the relevant quanti-
ties to study. For low Mach number flows, Mak et. al. [31] investigated
the noise generation of strip spoilers having disturbed inflow caused by
one or two similar strip spoilers in series. A concept of partially co-
herent sound fields was adopted and the flow noise was predicted by
determining the drag forces and their phase relationship together with
the coherence function of the noise sources. Guerin et al. [40] measured
the noise generation due to the flow disturbance effect of a butterfly
valve before an exhaust grille. A strong interaction between the wake
shed behind the valve and the exhaust grille was concluded. Moving
the valve further upstream was seen to reduce the noise. A number
of investigations, e.g., [27, 28] have determined the minimum distance
between components to characterize the noise sources as independent,
i.e., no inflow disturbance.

A generalized use of the scaling laws have received criticism, e.g., by
Fedorchenko [41] arguing for fundamental flaws in the present aeroa-
coustic theory or by Spalart [42] who discussed the precise implications
of acoustic analogies for aerodynamic noise at low Mach number flows.
It is not probable that all flow cases can be predicted with high accuracy
using the same scaling law due to the great variety of the different flow
noise mechanisms involved. Still, satisfying accuracy can be assumed
for a specific group of similar geometries and flow cases.

1.2 Objective and scope

This thesis aims to investigate the generality, accuracy and usefulness
of semi-empirical scaling laws for the flow noise prediction of HVAC
constrictions at low Mach number flow speeds.

The objective is to evaluate the generality and accuracy by compar-
ing measurement results from literature of different constriction geome-
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tries, i.e., orifices, dampers and bends. A general source strength spec-
trum for these geometries is suggested. Secondly, constrictions of high
and low pressure loss are compared. An extended model is proposed
using a dipole force definition from momentum flux. Noise prediction
for constrictions at the end of ducts is also evaluated for a number of
orifice-like geometries. A model extension for duct end constrictions is
proposed. Finally, a number of additional HVAC geometries, i.e., air
terminal devices, silencers with baffles and a heat exchanger, are eval-
uated and measurement data for the corresponding components is pre-
sented.

The objective is also to evaluate the usefulness of semi-empirical
scaling laws in combination with CFD simulations. A noise prediction
approach using the constriction pressure loss gained from RANS sim-
ulation data is proposed for improved usefulness. The suggested ap-
proach is compared to an approach using turbulent kinetic energy data
[34] gained from the turbulence models in RANS simulations.

The original model for the semi-empirical scaling laws and the sug-
gested modifications are presented in Chapter 2. The proposed ap-
proach for the use of RANS simulation data in semi-empirical scaling
laws is found in Chapter 3. The evaluated geometries are presented in
Chapter 4 and the corresponding results are presented and analyzed
in Chapter 5 including the collapse of literature data, the evaluation
of the momentum flux model and the analysis of the RANS simulation
data. A general discussion around accuracy and generality is presented
in Chapter 6. Conclusions and suggestions for future work are found in
Chapter 7 and the appended papers are summarized in Chapter 8.
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2 Model for flow noise prediction

In this chapter, the model for noise prediction using semi-empirical
scaling laws is described. The model serve as the base for the sug-
gested noise prediction approach. The original force approximation is
presented in section 2.2 and the extended prediction model using mo-
mentum flux is proposed in section 2.3. The two force approximations
are compared in section 2.6. A presentation of the evaluation results
and an analysis of the accuracy and generality of the presented model
are presented in section 5 and 6.

2.1 Semi-empirical scaling laws

The semi-empirical scaling laws can be seen as a combination of gener-
alized noise measurement data and the constriction flow characteristics.
The underlying assumption, for the flow duct constriction applications
in mind, is to consider only dipole sound sources which implies low Mach
number flows for the dipole sources to be dominant. The fluctuating
forces of the dipoles are seen to radiate into the surrounding resulting
in an amount of sound power divided over a surface, e.g., a sphere or a
duct cross-section. The sound power, W , downstream of the constriction
is given by

W = R(He)SFF (St) (1)

where SFF is the force auto-spectrum as a function of the Strouhal
number (St) andR is the radiation resistance as a function of the Helmholtz
number (He). The radiation properties will be further discussed in sec-
tion 2.4. Nelson and Morfey [18] suggested that the dynamic forces,
i.e., the fluctuating forces, can be split up into a frequency independent
mean force part, F , and a source strength spectrum part, K2, which
yields

SFF = F
2
K2(St). (2)

The source strength spectrum can be seen to contain both the fre-
quency distribution of the sound energy as well as the ratio between
the dynamic forces and the mean force. This ratio can be seen as the
proportion of the fluctuating dipole forces in comparison to the chosen
mean force definition. The efficiency and frequency distribution is not
necessarily the same for different flow separation cases. Some of the de-
viations can be managed by the proper selection of the Strouhal number
as further discussed in section 2.5.

The mean force was originally defined from the pressure drop of a
duct constriction [18] but here a definition from the momentum flux is
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also proposed. Alternative approaches to determine the mean force has
been suggested using CFD simulations, e.g., by either downstream tur-
bulent kinetic energy [34] or downstream surface acoustic power [38].

As an exemple, consider a circular orifice geometry of diameter d in
a duct of diameter D. The original derivation by Nelson and Morfey
[18] corresponds to the geometry case where d ∼ D and the constriction
inflow is of straight flow duct characteristics. However, an interesting
question is the behavior at the other limit, i.e., when d � D. This will
be studied here and lead to the suggestion of the momentum flux based
scaling.

2.2 Force modeling by Nelson and Morfey

The noise prediction model by Nelson and Morfey [18] considers con-
strictions in low Mach number flow ducts and is here presented in a
form derived in [11] that better highlights the physical mechanisms in-
volved. For compact or point source characteristics in an infinite duct,
the noise sources are seen to radiate from a known point or cross-section
corresponding to a reference area. Assuming the duct area, A , as refer-
ence area [18], the mean force from Eq (2) can be related to the pressure
drop over the constriction by

F = A ·∆P (3)

where ∆P is the stagnation pressure drop of the constriction. For
an in-duct constriction, the static pressure drop equals the stagnation
pressure drop while the dynamic pressure is equal before and after the
constriction. Eq (1-3) yields the dimensionless source strength or refer-
ence spectrum, K2 , as a function of the Strouhal number given by

K2 =
WD

R(He)A2∆P 2
(4)

where WD is the generated sound power in the duct. In section 5.1,
the generality of the reference spectrum in Eq (4) for orifices, bends and
dampers is discussed

2.3 Force modeling from momentum flux

For the original model [18] the dipole sound source is assumed to be
associated with the entire duct area; see Eq (3). For characteristic di-
mensions of the duct constriction much smaller than the duct diameter,
e.g., d � D, this assumption seems unrealistic. As an alternative the
proposed momentum flux definition of the mean force, in this thesis, is
given by
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F = ρ0AU · Umax =
ρ0A

2U2

Amax
(5)

where ρ0 is the air density, A is the duct area, ρ0AU corresponds to
the mass flow and Umax to a local velocity maximum at the correspond-
ing area Amax. The highest local velocity maximum scale to the sound
production since the flow noise generation of a dipole is highly velocity-
dependent. The choice is also supported by the study of, e.g., Agarwal
[43], who found that the fluctuating wall pressures just downstream of
an orifice scales with the maximum velocity of the free jet issuing from
the orifice. For a circular orifice the maximum velocity can be described
by the velocity at vena contracta, Uvc, which is selected at the corre-
sponding vena contracta area, Avc, given by

Avc = σA (6)

where σ is the vena contracta ratio i.e. the constriction openness.
For a circular orifice the vena contracta ratio can, e.g., be retrieved from
the formula presented by Durrieu et. al. [44] given by

σ =

Aorifice

A

1 +

√
0.5
(
1− Aorifice

A

) . (7)

where Aorifice is the orifice area. From Eq (5), the source strength
spectrum for a constriction where vena contracta can be determined, is
given by

K2 =
WDσ

2

R(He) ρ20A
4U4

. (8)

In a similar way to the original model [18], the suggested definition
of the reference spectrum in Eq (8) is normalized to the duct velocity to
the power of four. In section 5.2, the generality of Eq (8) for constrictions
of high and low pressure loss is discussed.

2.4 Radiation resistance

The dipole sound sources will radiate into the surrounding duct or open
air governed by the properties of the radiation resistance. In the flow
duct case, the noise sources caused by the constriction will interact with
the modes of the duct cross-section. For the plane wave region, both in
circular and rectangular ducts, the radiation resistance is only depen-
dent on the duct area. The cut-on wave number k0 can be determined
from the duct cross-section geometry. The first mode in a circular duct
is defined as
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k0 =
1.84

r
(9)

where r is the radius of the duct. For the rectangular duct, the cut-on
wave number is defined as

k0 = π/max(2a, 2b) (10)

where a and b are the dimensions of the duct. The wave number is
given by

k =
2πf

c0
(11)

where c0 is the sound speed in air and f is the frequency. Above
cut on all propagating modes needs to be considered and a summa-
tion of them will return the generated sound power as a function of
the Helmholz number, i.e., the wave number and duct dimension. The
mode density will increase with increasing frequency and the predic-
tion of a radiation resistance from frequency averaged level will conse-
quently become more accurate with increasing frequency. The average
radiation resistances, rewritten from [22] for circular ducts and from
[18] for rectangular ducts, are given by

Rpl. w. =
1

2Aρ0c0
k < k0 (12)

Rcirc.d. =
k2 (1 + (3π/4rk))

12πρ0c0
k > k0 (13)

Rrect.d. =
k2 (1 + (3π/4k) (a+ b) /A)

12πρ0c0
k > k0 (14)

For a constriction which is placed at a termination of a flow duct,
i.e. at the end of a duct, a new expression for the radiation resistance
is proposed in this thesis. Consider an arbitrary constriction at the end
of a flow duct, seen as an in-duct constriction radiating into a duct of
infinite diameter. By letting r in Eq (13) and a, b in (14) tend to infinity
we have

R =
k2

12πρ0c0
(15)

In section 5.3, the generality of Eq (15) for constrictions at the end
of flow ducts is evaluated.
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2.5 Frequency scaling

The flow noise generation of a constriction will be dependent on the con-
striction dimensions and the flow velocity [18]. In order to find a com-
mon source strength spectra for different dimensions and flow speeds a
frequency scaling is introduced. Traditionally the frequency scaling is
done using the Strouhal number, St , given by

St =
fcdc
Uc

. (16)

where dc is a characteristic length, Uc a characteristic flow velocity
and fc is the band centre frequency under consideration. The choice of dc
and Uc in the selected Strouhal number will influence the presentation
of the reference spectrum and needs to be considered when comparing
source strength spectra from different published measurements. Nat-
urally, there is no guarantee that there exist one and only one specific
characteristic dimension for complex geometries which scales all spec-
tra in an appropriate way.

For the orifice case where d� D, the Strouhal number would tradi-
tionally be the orifice diameter and the flow velocity at the orifice or di-
mension and the velocity of vena contracta. For an orifice where d ∼ D
the dimension can be related to the duct area, e.g., using Eq (6). For
other types of constrictions the selection may not be as straight forward
and an expression of the constriction openness from the pressure loss
coefficient would be beneficial. The pressure loss coefficient, CL, given
by

CL =
∆P

0.5ρ0U2
, (17)

can be determined from measurements, CFD simulations or from
handbooks e.g. by Idelchik [45] or Blevins [46].

Oldham et. al. [22] chose to define the open area ratio or openess (σ)
for a general constriction as a function of the constriction pressure loss,
derived for an orifice in-duct, given by

σo =

√
CL − 1

CL − 1
=

1

1 +
√
CL

. (18)

The geometry independent definition of the component openness can
now be used to define the Strouhal number used. This yields a definition
of the Strouhal number, using the hydraulic diameter, as

St =
fcσ

√
4Aσ
π

U
. (19)
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where σ can be determined e.g. from Eq (18). The general definition
of the Strouhal number, using pressure drop, enable the determination
of open area ratios for complex geometries. The main weakness of Eq
(19) is the validity for an arbitrary flow case while derived for an ori-
fice. Section 5.1 discuss the generality of Eq (19) for orifices, bends and
dampers.

2.6 Comparison of force definitions

The two force definitions, described in section 2.2 and 2.3, can be com-
pared by considering the properties of a constriction terminating a flow
duct. For the end-duct constriction, the Bernoulli equation gives that
the total pressure, i.e. stagnation pressure, before the constriction will
convert into dynamic pressure at the vena contracta. The definition of
the pressure loss coefficient in Eq (17) then implies with

∆P =
ρ0
2
U2
vc, (20)

that the constriction openness and loss coefficient are related via

σe =
1√
CL

. (21)

For constrictions of high pressure loss Eq (18) is approaching Eq (21)
which indicates a general validity of Eq (18).

The mean force from the momentum flux model can be rewritten
as a function of the force definition in the original model [18] by using
Eq (17) and Eq (21). We get that the force as a function of σe is, for a
constriction of high pressure loss, given by

F = 2σeA∆P (22)

where 2σe can be seen as a modification of the reference radiation area,
A, corresponding to twice the open area of the constriction. For an ori-
fice, of any pressure loss, inside a duct the equivalent derivation yields

F =
2σo

(1− σo)2
A∆P. (23)

The physical interpretation of Eq (23) is not as straight forward. How-
ever, for σ0 = 0.27 the force definition of Nelson and Morfey [18] equals
the momentum flux definition in Eq (5) which is a similar openness as
e.g. measured by Oldham and Ukpoho [22]. For constrictions of high
pressure loss Eq (23) approaches Eq (22). The openness for Eq (22)
where the force definitions are equivalent is 0.5 which can not be con-
sidered as a constriction of high pressure loss. The two expressions
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demonstrate the important difference between the force definitions in
section 2.2 and 2.3 for constrictions of high pressure loss.
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3 RANS simulation approaches

In this thesis, the reliability of data obtained from CFD simulations in
semi-empirical models is investigated [11, 47]. The objective in mind
is to avoid measurements of the flow characteristics necessary as input
to the semi-empirical scaling laws. Two approaches are evaluated and
compared where the use of the pressure drop over the constriction is
presented in section 3.1 and the use of downstream turbulent surface
data and especially turbulent kinetic energy is presented in section 3.2.
The results of the evaluation, using an orifice geometry, is presented in
section 5.5.

In Reynolds Averaged Navier Stokes (RANS) simulations, the whole
turbulent part of the flow is modeled, yielding averaged flow quantities
without detailed turbulence information. This approach is less costly
than DNS, introducing high computational complexity, or LES, where
part of the turbulent field is resolved in the simulations whereas the
smaller scales, and their influence of the larger structures, are mod-
eled. The Reynolds Averaged Navier-Stokes equations for incompress-
ible flow are

∇ · U = 0 (24)
∂U

∂t
+ U · ∇U = −1

ρ

∂p

∂xj
+ v∇2U − 1

ρ

∂uiuj
∂xi

, (25)

where U is the mean air flow, p is the mean pressure, ρ is the den-
sity and υ the viscosity. ui and uj is called the Reynolds stresses, which
needs to be modeled in order to solve Eqns (24)-(25). The most common
way in commercial software is to determine the Reynolds stresses us-
ing a two equation model. One of the two quantities that are normally
modeled is the turbulent kinetic energy k. A common turbulence model
is the k − ε model where ε is defined as the turbulence dissipation rate.
An alternative is to introduce the turbulence frequency ω given by

ω = ε/k (26)

instead of the dissipation rate ε resulting in the k − ω model. While
k−ε and k−ω have different benefits, the combination of the two models
are normally known as the k − ω Shear Stress Transport model (SST);
see [48], and is a commonly used turbulence model in industry today.
When a higher degree of accuracy is needed even more advanced mod-
eling to determine the Reynolds stresses are introduced. These turbu-
lence models are usually called Reynold stress models and are derived
using the exact transport equation from the Navier Stokes equations.
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3.1 Constriction pressure drop

Different flow characteristics are needed depending on the force defini-
tion used for the semi-empirical scaling laws. In the original model by
Nelson and Morfey [18] the pressure drop over the constriction and the
duct cross-section area are included into the definition; see Eq (3). The
pressure drop is easily gained from a RANS simulation and is also easily
verified by measurements. In addition the duct flow velocity is needed
if the pressure loss coefficient is used to determined the open area ratio.
In an equivalent way, the pressure drop and the flow velocity is needed
for the momentum flux force definition; see Eq (5).

To evaluate the use of RANS simulations for the semi-empirical scal-
ing laws, the flow through a circular orifice was investigated. The orifice
was positioned in the middle of a circular duct with a duct length of 20
duct diameters upstream and 10 duct diameters downstream of the ori-
fice. The corresponding noise data is available from Allam and Åbom
[28]. RANS simulations were conducted using the commercial CFD
software package Ansys CFX 14 where the meshes were generated by
ICEM CFD Tetra mesher. A detailed description of the simulation setup
is found in [11].

Turbulence models and two mesh structures, one of low complexity
and one semi-structured, were evaluated. For a two equation turbulence
model a common opinion, e.g. [49], is that the k-ω SST has a satisfying
performance. A further step in the model complexity would be to use
Reynold stress models. The two mesh structures are presented in fig-
ure 1 where both meshes consist of approximately 2 million nodes. The
semi-structured mesh consist of hexagonal mesh elements with both a
shear layer and boundary layer grid. Since the mesh demanded some
effort to generate a more industrial like mesh, easily generated by com-
mercial software, was also evaluated. The mesh consisted of triangular
elements and only the boundary layer was specially resolved.
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Figure 1: Mesh structures: standard(left), semi-structured(right).

3.2 Downstream turbulence model data

An alternative, to pressure drop and flow velocity as model input, is to
use a force or sound power definition where the input is gained from the
turbulence model data in each node. Mak and Au [34] suggested a force
definition based on the turbulent kinetic energy given by

F = Cρ0
∑

Aiki (27)

where C is a model constant and Ai is the corresponding surface
at the constriction from which the turbulent kinetic energy ki is de-
termined. The area for summation of the k calculation is not strictly
defined in [34]. To evaluate the effect of different choices of reference
area for the summation of the turbulent kinetic energy and also to com-
pare the pressure drop model to the turbulent kinetic energy model, the
flow through an orifice in-duct has been considered. The turbulent ki-
netic energy is determined in every element of the mesh by the RANS
simulation and a set of this data at positions downstream of the ori-
fice is chosen as in-data. The turbulence far downstream from the ori-
fice would correspond rather to a quadrupole noise source than a dipole
noise source. Consequently, the choice of the downstream distance from
the orifice is of importance for the method to yield satisfying results. In
addition, the radial position for the CFD data needs to be chosen. The
results of the noise predictions are presented in section 5.5.

Alternatively the surface acoustic power can be used for the noise
prediction as recently investigated by Jong and Golliard [38] and Vio-
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lato, Jong and Golliard [50]. The surface acoustic power was derived
from the Curle´s integral [14] and estimated from the turbulence model
data of the nodes along the noise generating downstream surfaces.
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4 Evaluated geometries

Both published data and new measurement results have been used to
evaluate the models described in section 2. The new measurements
extend the test cases by introducing constrictions of high pressure loss,
constrictions at end of flow ducts and constrictions of additional HVAC
components. In this section, the properties of the constrictions from
literature are summarized in section 4.1 and the properties of the new
measurement objects are described in section 4.2.

4.1 Published data of orifice, bends and dampers

The published data includes both circular and rectangular orifices, cir-
cular and rectangular dampers, bends in circular and rectangular ducts
including miter bends manufactured by joining two pipes of 45°. Infor-
mation about the published results are summarized in table 1 including
data about the geometry and the tested flow velocities.

Geometry Duct vel.[m/s] Duct Duct D[m]
Orifices, rect. Nelson&Morfey[18] 2.5-27 Rect. 0.3

Orifices, circ. Oldham&Ukpoho [22] 8-18 Circ. 0.3
Orifice, circ. Allam&Åbom [28] 15-34 Circ. 0.057
Orifices, Rect. Mak et el. [31] 10-35 Rect. 0.1

Bend, miter Wadd.&Oldham [24] 7-22 Rect. 0.4; 0.6
Bends, miter&r/D=0.5 Gijrath [26] 34-120 Circ. 0.043

Bends, r/D=2.5&1.6 Ducret [30] 23-80 Circ. 0.042
Damper, circ.Oldham&Ukpoho [22] 10-25 Circ. 0.3

Damper, rect. Ingard et al. [23] 11-13 Rect. 0.61

Table 1: Published data.

The results are analyzed in section 5.1 and further discussed using
the momentum flux model in section 6. More information about each
individual result can be found in [11] or in each corresponding original
publication referred to in table 1.

4.2 Measured constrictions

To evaluate constrictions of high pressure loss, constrictions at end of
ducts and a wider range of HVAC components a number of measure-
ments have been executed. The noise measurements were conducted in
a reverberation chamber where a fan followed by silencers, positioned
outside of the reverberation chamber, produced the air flow in-duct to
the test object. A detailed description of the measurement setup can be
found in [12].
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The test objects for evaluation of high pressure loss and end-duct ge-
ometries consisted of different orifice geometries made from steel sheets
of 1 mm thickness. The first geometry was an orifice of 30 mm diameter
positioned in a duct of 315 mm diameter, i.e., approximately correspond-
ing to d � D. The orifice was also positioned at the end of the duct. In
both cases the orifice in the identical steel sheet plate was used.

The second geometry was a group of 8 orifices, each of 10 mm diam-
eter. The 8 orifices were, in an equivalent way as the 30 mm orifice,
positioned both inside and at end of duct but using duct diameters of
both 160 mm and 315 mm. The two test geometries are presented in
table 2. Flow velocities were chosen low due to the higher pressure loss
of the test objects, enabling realistic pressure drops over the measure-
ment object corresponding to HVAC applications. The static pressure
drops were in between 150 and 500 Pa.

No. of orifices Diam.[mm] Orifice shape Duct vel.[m/s] Duct D[m]
1 30 Circular 0.1-0.2 0.315
8 10 Circular 0.1-0.8 0.160; 0.315

Table 2: Orifice measurement objects.

The air terminal device evaluated [12] is presented in figure 2 and
manufactured by Fläkt Woods under the name STI. The measurements
of the air terminal device was conducted on a duct size equivalent to
duct diameter of 160 mm. In addition, the pressure loss is variable and
three different pressure loss settings, corresponding to a pressure loss
coefficient of 8, 17 and 480, was used.
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Figure 2: Air terminal device STI.

The additional evaluated air terminal devices VST and STQA [52]
are presented in figure 3. Measurements were conducted for duct diam-
eters of 125 and 160 mm. The pressure loss coefficients were approxi-
mately 8 and 17 for VST and 17 for STQA.

Figure 3: Air terminal devices VST and STQA

Another important noise generating component are silencers with
baffles [52]. The evaluated silencers, presented in Fig 4, are manufac-
tured by Fläkt Woods under the name BDER-35-315 and designed to fit
a circular duct of 315 mm diameter. Silencer walls and the baffles are
filled with sound absorbing glass wool and two lengths, i.e. 0.5 m and
1.2 m, were used for the measurements. The chosen silencer model has
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one baffle end with an end geometry of rectangular shape and one of a
round shape, i.e., either the inlet shape is round and the outlet shape
is rectangular or vice versa. The flow noise generation was measured
for flow directions entering the rectangular end and entering the round
end respectively. The pressure loss coefficient for the short silencer was
approximately 1.6 for flow direction entering the round inlet shape and
2.2 for the rectangular inlet shape. The pressure loss coefficient for
the long silencer was approximately 2.0 for flow direction entering the
round inlet shape and 2.6 for the rectangular inlet shape.

Figure 4: Silencers with baffles.

A common geometry in HVAC applications, e.g., air handling units,
is the thin metal structure used for heat transfer, e.g., in rotary and
plate heat exchangers, cooling and heating batteries. One example of a
rotary heat exchanger structure, presented in figure 5, was evaluated
in a duct of diameter 0.315 m. The thickness of the heat exchanger was
0.2 m and the pressure loss coefficient was approximately 24.
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Figure 5: Structure of rotary heat exchanger.
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5 Results

In this section, the results for the evaluation of semi-empirical scaling
laws are presented and analyzed. The source strength spectra are pre-
sented using the Nelson and Morfey [18] force definition, i.e., Eq (3), for
orifices, bends and dampers in section 5.1 and for the orifice evaluated
using RANS simulations in section 5.5. The momentum flux definition,
i.e., Eq (5), are used in section 5.2 for the orifices of high pressure loss,
in 5.3 for the end-duct constrictions and in 5.4 for the additional HVAC
components. Further discussions around the published data in table 1
scaled using the momentum flux model can be found in section 6. The
reference spectra are presented in third octave bands as a function of
the Strouhal number. When the original data from literature is given in
octave bands a recalculation factor of 10log(1/3) have been subtracted
from the octave band level assuming an equal level, i.e. pink noise,
in each band. The underlying data in the studied cases are all broad
band which for low frequencies (St <1) has constant level, i.e., has a
pink noise character as assumed. Higher up, the spectra has a slope of
around St−3 and also for this part the pink noise assumption is used. It
is straightforward to prove that the error introduced is less than 0.2 dB.

5.1 Collapse of orifices, bends and dampers

The extent of a universal trend in the dimensionless source strength
spectra for orifices, bends and dampers [11] is evaluated for the mea-
surement data summarized in table 1. Figure 6 presents the compari-
son, using the pressure drop force definition together with the Strouhal
number from Eq (19). All spectra approach a constant level at low
Strouhal numbers but the level and Strouhal number where this occurs
are strongly dependent on the geometrical details. The data collapses
for all geometries at high Strouhal numbers. For St>3, a first-order
polynomial least square best fit results in

K2(St) = 68− 28log(St) St > 3 (28)

which was proposed as a general source strength spectra in [11].
The inclination of -28log(St) has recently also been independently pro-
posed, by Jong and Golliard [38], scaling by the surface acoustic power
and selecting the Strouhal number from maximum flow velocity and its
maximum distance to the duct wall. An evaluation of the published data
using the momentum flux force definition can be found in section 6.

For applications related to human hearing, e.g., by A-weighting, low
frequencies can, independently of the force definition, be considered of
less importance for the total level. In addition, for orifice-like HVAC
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components, where the duct diameter is larger than 0.1 m, the spectrum
tends to have the relevant frequencies around and above the spectrum
inclination shift.
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Figure 6: Dimensionless source strength spectra for published orifices,
bends and dampers using the Nelson Morfey force approximation [18],
see Eq (3).

5.2 Momentum flux model

The development of the momentum flux model was initiated by diverg-
ing measurement results of high pressure loss constrictions in compari-
son to the collapse of the data set presented in section 5.1. The selection
of the high pressure losses is motivated by the search for a general pre-
diction model. In addition, the selected geometries can be seen as sub
modules of a wide range of HVAC constriction geometries consisting of
multiples of the selected geometries.

The source strength spectra of the orifices in table 2 and the orifices
evaluated by Oldham and Ukpoho [22] is here used for the evaluation
of the momentum flux force definition presented in section 2.3. In-duct
orifices are analyzed while the vena contracta is well defined compared
to in more complex geometries. Figure 7 presents the single source spec-
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tra when applying the original model [18]; see Eq (4) and the frequency
scaling using Eq (19) where the openess is determined from the pres-
sure loss, i.e., Eq (18) . The orifices of higher pressure loss have, for
the original model [18], a source spectrum at a significantly lower level
compared to the orifice from literature [22]. The overall level of the sin-
gle source spectra seems to be dependent of the pressure loss coefficient
since the 8 orifices in 160 mm duct has a higher level compared to the
equivalent orifices in a 315 mm duct.
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Circ. orifice: Oldham and Ukpoho CL=1.4−8
Circ. orifice in 315mm duct CL=35000
8 circ. orifices in 315mm duct CL=45000
8 circ. orifices in 160mm duct CL=2200

Figure 7: Dimensionless source strength spectra using the Nelson Mor-
fey force approximation [18], see Eq (3), and where the component ope-
ness is determined from Eq (18).

The orifice data sets scaled using the momentum flux model; see Eq
(8), and the frequency scaling according to Eq (19) where the openess
is determined from Eq (7). The source spectra, for the momentum flux
model, have an improved collapse and the results are more consistent
between the 160 mm and 315 mm ducts. The noise generating mecha-
nism seems to be better described by a momentum flux force definition.
Low frequency differences can be explained by the increased acoustic in-
stallation effects in the plane wave range and increased measurement
uncertainties [51].
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Figure 8: Dimensionless source strength spectra using the momentum
flux force approximation, see Eq (5), where the component openess is
determined from Eq (7).

The dimensionless source strength spectra using the momentum flux
model but determining the constriction openness from measurement of
the pressure drop coefficient is presented in figure 9. Since the momen-
tum flux model introduce a new level scaling off-set for the reference
spectrum, a new reference spectrum is suggested. For Strouhal num-
bers above one a first polynomial least square best fit is given by

K2(St) = 60− 28log(St) St > 1. (29)

for which the standard deviation is 3.4 dB. The spectrum is de-
creased by 5dB compared to the general reference spectrum for orifices
in [11] but the spectrum shape and frequency scaling is unchanged. For
Strouhal numbers below one a suggested spectrum, with a standard de-
viation of 4.5 dB, is given by

K2(St) = 60 St < 1 (30)
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Figure 9: Dimensionless source strength spectra using the momentum
flux force approximation, see Eq (5), where the component openess is
determined from Eq (18).

5.3 Constrictions at end of ducts

An important application for HVAC systems are the constrictions ter-
minating flow ducts since that noise source is the closest one to the
positions of specified maximum noise levels. To enable a more general
approach, including orifices at end of flow ducts, Eq (15) introduce the
radiation resistance for a constriction at the end of a flow duct. Results,
for the orifices in table 2 mounted both inside and at end of ducts, are
presented in figure 10. The data collapse for all Strouhal numbers and
validate the definition of the end-duct radiation resistance. Increasing
acoustic installation effects can explain the deviations at low frequen-
cies.
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Figure 10: Dimensionless source strength spectra for orifices inside and
at the end of ductusing the momentum flux force approximation, see Eq
(5), where the component openess is determined from Eq (7).

Secondly, a more industry like geometry is evaluated to determine
the generality of the momentum flux model using the radiation resis-
tance of Eq (15). The source strength spectra of the air terminal device,
introduced in figure 2, are presented in figure 11. The collapse, when
compared to the suggested spectrum in Eq (29) and (30), is encourag-
ing. By the proposed scaling approach, many HVAC components such
as air terminal devices and chilled beams can be analyzed, enabling the
noise prediction being used in a HVAC system design or in a product
development process. Some more examples supporting this argument
are presented in the next section.
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Figure 11: Dimensionless source strength spectra for an air terminal
device using the momentum flux force approximation, see Eq (5), where
the component openess is determined from Eq (18).

5.4 Additional HVAC components

There are a number of additional HVAC components important when
considering flow noise in a ventilation system. It is not probable that all
HVAC components can be generalized using the same scaling law due
to the variety of different flow noise mechanisms. This section presents
more measurement results for the evaluation of different air terminal
devices, silencers with baffles and a rotary heat exchanger.

The dimensionless source strength spectra using the momentum flux
model are for the air terminal devices presented in figure 12. The re-
sults collapse within the suggested tolerances to the spectrum in Eq (29)
with the exception of low Strouhal numbers for VST of size 125 mm.

The flow-generated noise up or downstream of an air terminal device
can be of interest dependent on if used in an air supply duct system or
in an air extract duct system. Traditionally, i.e. Ref. [18-27, 30-35],
only the downstream direction has been considered. Allam and Abom
[28] evaluated this difference, in the plane wave range, for an orifice but
further investigations are needed.
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Figure 12: Dimensionless source strength spectra for air terminal de-
vices using the momentum flux model.

The dimensionless source strength spectra for silencers are com-
pared to the suggested spectrum in figure 13. The differences, to the
suggested spectrum, can be related to the introduction of absorption
and also the division of the noise generation between, at least, the inlet,
along the perforated walls and the outlet end of the baffles. In a longer
silencer, the flow noise generated at the inlet and along the perforated
walls is absorbed to a higher degree by the silencer than in a short si-
lencer. A correct scaling would only consider the pressure drop which
is related to the measured noise generation. The spectrum for the baf-
fle silencers collapse roughly to the suggested spectrum and the noise
prediction approach may be useful for silencers with baffles.
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Figure 13: Dimensionless source strength spectra for bafflesilencer
based on the momentum flux model.

An example of a spectrum measured on a rotary heat exchanger
structure is presented in figure 14. The heat exchanger geometry is ex-
pected to introduce deviations, since the orifce based scaling proposed is
best for localized flow separation phenomena, but is still seen to roughly
collapse to the suggested reference spectrum.

A HVAC application not applicable to the noise prediction approach
are filters. For most filter the pressure drop is far larger than the
noise generation compared to the proportion established in the proposed
semi-empirical scaling law.
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Figure 14: Dimensionless source strength spectra for rotary heat ex-
changer structure based on the momentum flux model.

5.5 Noise predictions using RANS simulations

The evaluation of RANS simulations for the semi-empirical scaling laws
presented in this thesis includes both the use of pressure drop and
downstream turbulence data as input; see section 3.1 and 3.2. Two
different meshes were successfully analyzed using the k-ω SST turbu-
lence model. Neither of the tested Reynold stress models improved the
accuracy of the result when using the mesh of low complexity. For the
semi-structured mesh neither converged easily which ruled out the op-
tion to use them.

Two scenarios for the noise prediction of the orifice were introduced.
One where an execution of a previous RANS simulation is assumed
which generate the reference spectrum from the measurement data at
23 m/s flow velocity. The other scenario, perhaps more likely, does not
assume a previous RANS simulation instead a theoretical calculation of
the flow characteristics [44] is used to generate the reference spectrum
still from the measurement data at 23 m/s. The vena contracta ratio in
Eq (7) was used to determine the theoretical value of the pressure loss
coefficient. Consequently there are two options: the pressure drop for
the reference spectrum can be generated by measurement/theory or it
can be generated from an extra CFD simulation.

In figure 15 the prediction results using a reference spectrum either
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generated from Eq (7) or from a CFD simulation are included and com-
pared to the noise measurement data at 15 m/s. The pressure drop
model generates spectrum levels similar to the theoretical approach
with an accuracy of 5-10% for both meshes. The corresponding logarith-
mic error is consequently within 1dB. Both scenarios seem appropriate
to use and a combined use of pressure drop from CFD and measure-
ments/theory is possible. The semi-structured mesh was not seen to
improve the accuracy in order to motivate the increased computational
complexity.
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Figure 15: Predicted sound power using different reference spectra at
15 m/s.

Figure 16 presents the turbulent kinetic energy for 23 m/s airflow
velocity, at different downstream distances from the orifice as a func-
tion of the radial position in the duct. The downstream distance of 1D
is chosen as to correspond to a position where the turbulence could cor-
respond to quadrupole noise sources dominating over the dipole noise
sources.
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Figure 16: Turbulent kinetic energy at different downstream distances
as function of duct radial position for an airflow of 23 m/s.

The sound power corresponding to the different downstream dis-
tances, as presented in figure 17, and radial positions, as presented in
figure 18, can now be chosen to evaluate the noise prediction model. As
can be seen in Fig 16 the turbulent kinetic energy in radial direction
can be divided into three main regions: the center of the beam, the peak
turbulence area and the outer area. The peak turbulence area is very
mesh sensitive but the other two areas have a stable level. The noise
prediction is seen to lose accuracy if data are selected one duct diameter
downstream of the orifice or at the center of the duct corresponding to
the jet from the orifice. Negligible differences in accuracy is seen be-
tween a downstream distance of 0.175 duct diameters or 0.0175 duct
diameters. Negligible difference in accuracy is also seen between select-
ing all elements in a radial direction close to the orifice or only elements
in the outer area, i.e., at 0.7 radius from the duct center traditionally
seen as an important position for the noise generation of an orifice.
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Figure 17: Predicted sound power at 15 m/s using turbulent kinetic
energy at different downstream distances.
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Figure 18: Predicted sound power at 15 m/s using turbulent kinetic
energy at different radial positions.

The investigation by Jong and Golliard [38] using surface acoustic
power was conducted on a similar circular orifice. It was found that
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the dominating surface to the surface acoustic power was the duct walls
by approximately a factor 100 compared to the orifice plate. The con-
clusion demonstrates the importance of selecting all surfaces important
for the summation when using the surface acoustic power. In addition
Jong and Golliard suggested new Strouhal scaling options, using RANS
simulation data, to collapse the spectra of bends from Gijrath [26] and
an orifice of Oldham and Ukpoho [22]. The force definition of Mak and
Au [34] in Eq (27) was not seen, by Jong and Golliard, to scale in an
equivalent way to the surface acoustic power for the bends evaluated.

In conclusion, the force definition based on the pressure drop is less
sensitive to both the structure and the resolution of the mesh and al-
lows for a more consistent method for different constriction geometries
compared to the downstream turbulence model data, e.g., using Eq (27).
Still, improved accuracy and generality may be possible using an ex-
tended amount of input data from RANS simulations.
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6 Scaling law generality

The usefulness of the semi-empirical scaling laws, regarding the ac-
curacy and generality for different flow cases, is not comprehensively
studied. It is not probable that all flow cases can be a collapse using the
same scaling law.

A fundamental noise generating mechanism, important for HVAC
applications, not included is whistling i.e. non-linear aeroacoustic phe-
nomena. Secondly, the prediction model only considers dipole sound
sources which does not rule out the influence of quadrupoles in some
flow cases. The general trend of -28log(St) can, e.g., be seen as a mix
between the source mechanisms of a pure dipole, -20log(St), and a pure
quadrupole -40log(St) [11]. Furthermore, a flow case where the noise
generating mechanisms are not well investigated is a constriction with
disturbed inflow, i.e., the dependency of turbulence levels and mean ve-
locity profile for the noise generation compared to straight flow duct
characteristics.

Concerning the accuracy and generality of the suggested reference
spectrum in Eq (29) and Eq (30), the dimensionless source strength
spectra for the evaluated geometries [52] , i.e. both the published re-
sults in table 1 and the measured constrictions in table 2, are presented
in figure 19 recalculated to the momentum flux force definition. Results
for the air terminal devices and silencers with baffles are also included.

A shift from a constant level, at low Strouhal numbers, to a con-
stant inclination at higher is visible in most results. Where low enough
Strouhal numbers were not measured, the inclination shift might not
be visible.

The accuracy of the noise prediction approach can be studied by the
maximum deviations in figure 19 in combination with the assumption of
normally distributed data and a spectrum inclination of -28log(St). The
range between the maximum and minimum of the data sets is assumed
to correspond to 95% of the normally distributed data and the resulting
standard deviation is then determined to approximately 3 dB above the
spectrum inclination shift.
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Figure 19: Dimensionless source strength spectra for all results using
the momentum flux model.
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7 Conclusions and suggestions for future work

The use of semi-empirical scaling laws for HVAC applications has been
investigated and the original model by Nelson and Morfey has been ex-
tended to include cases with higher loss coefficients. The results indi-
cate that a noise prediction without the knowledge of the exact details
of the geometry, but only the pressure drop, the duct flow velocity and
the duct dimensions, is possible for a number of geometries.

A prediction model using a momentum flux definition, where the
general noise reference spectra are combined with turbulent data ob-
tained from Reynolds Average Navier Stokes (RANS) simulations, is
proposed. The noise prediction approach is applicable to geometries
both inside ducts and at end of ducts e.g. air terminal devices. Im-
proved accuracy are found for constrictions of high pressure loss. Noise
prediction of silencers with baffles and heat exchangers will introduce
larger uncertainties since the noise generation is not at a distinct duct
cross-section, absorption is present and the effect of vena contracta is
not as distinct. To improve the accuracy of the noise prediction approach
for a wider range of flow cases, further investigations are needed. For
example, the flow-generated noise up or downstream of a HVAC com-
ponent can be of interest dependent on if used in an air supply duct
system or in an air extract duct system. Traditionally, e.g. Ref. [22-27],
only the downstream direction has been considered. Allam and Abom
[28] evaluated this difference, in the plane wave range, for an orice but
further investigations are needed. The dependency of turbulence levels
and changed mean velocity profile, compared to the constriction inflow
characteristics for a straight flow duct, is also an important issue for
future work.
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8 Summary of appended papers

Paper A - Prediction model of flow duct constriction noise

Kårekull O., Efraimsson G. and Åbom M. Journal of Applied Acoustics
2014; 82, pp 45-52

A noise prediction approach using semi-empirical scaling laws in
combination with CFD simulations is proposed. A summary of earlier
published results using the scaling law, for constrictions in low speed
flow ducts by Nelson and Morfey, is presented together with some new
data. The Strouhal-number scaling is based on the constriction pressure
loss coefficient which makes it easier to apply the prediction approach to
more complex constrictions. The output of the scaling law can be imple-
mented into an active 2-port to handle low frequency installation effects
of the duct system.

By applying the same scaling to all data, based on the pressure drop,
a separate analysis can be conducted of orifice, bend and damper geome-
tries in addition to a best fit calculation of all data. Reference spectra for
the sound power of the different cases are suggested which includes con-
strictions of both distinct and non-distinct flow separation points. Re-
sults from both rectangular and circular ducts, duct flow velocities from
2 to 120 m/s and sound power measurements made both in ducts and
in reverberation chambers are presented. Plotting all the constrictions
together the dimensionless source spectra show a “universal” collapse
for high Strouhal-numbers.

The pressure loss information needed for the semi-empirical scal-
ing law can be gained from CFD simulations. Two different models to
predict the sound spectra through the use of Reynold Average Navier
Stokes (RANS) simulations and a noise reference spectrum are com-
pared and evaluated. One method predicts the sound based on the pres-
sure drop whereas the other method is based on the turbulent kinetic
energy. The influence of both turbulence models as well as mesh proper-
ties have been investigated. Noise predictions from simulation results
are compared to noise measurement results of an orifice inside a duct.
The comparison between the simulated results and measured data are
in excellent agreement. The benefit of using the pressure drop, as in-
put data, is a lower sensitivity to both the structure and the resolution
of the mesh. Also, this model has a more general definition allowing a
consistent method for different constriction geometries.
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Paper B - Revisiting the Nelson-Morfey scaling law for flow
noise from duct constrictions

Kårekull O., Efraimsson G. and Åbom M. Submitted
An extension to the evaluated noise prediction approach in Paper A,

including constrictions of high pressure loss and constrictions at end of
ducts, is proposed. The results indicate that the original scaling law by
Nelson and Morfey lose accuracy for constrictions of high pressure loss
and an extension based on a momentum flux assumption of the dipole
forces is suggested.

Improved accuracy of the predictions of the new model are found for
in-duct orice geometries of both high and low pressure loss. Further-
more, a Strouhal number based on the pressure drop over the constric-
tion is seen to underestimate the characteristic dimension for constric-
tions of high pressure loss. A modification is suggested that gives better
collapse of the source spectra and a standard deviation of approximately
3 dB for Strouhal numbers above one.

An expression for the radiation resistance of a constriction at the end
of a of duct is also suggested. The expression is evaluated by orifice-like
geometries also including regular ventilation air terminal devices. The
open area ratio of the duct end constriction was derived from an arbi-
trary geometry. For constrictions at high pressure loss, this expression
is equivalent to an expression derived for an in-duct orifice which sug-
gest a general validity of that expression. The data for the orifice-like
geometries collapse for all Strouhal numbers. There is a small tendency
to over predict the data of the air terminal devices which may be a result
of a design for low noise generation.

The prediction approach is concluded useful for HVAC components
both inside and at end of flow ducts and of both high and low pressure
loss. The accuracy at low and high frequencies is discussed.
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