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Low-frequency noise from HVAC systems is often evaluated using power-based methods that neglect
system resonances. This paper introduces a two-port network-based modeling algorithm that bridges wave-
and power-based formulations across frequency ranges. A wave-based description is applied in the low-
frequency plane-wave range, transitioning to a power-based formulation at mid and high frequencies. The
combined analysis enables the identification of resonance-driven contributions to radiated sound power that
are not resolved by standard approaches using power-based models. The proposed framework is presented
together with illustrative case studies.

1 Introduction

The propagation characteristics of acoustic waves in ducts are strongly dependent on frequency relative to the duct cross-
sectional dimensions [1]. Based on both the excitation source and the duct network configuration, an appropriate modeling
strategy must be selected within the relevant frequency range. For practical acoustic analysis, this range is commonly
divided into three regions—low-, mid-, and high-frequency regimes—each characterized by different wave propagation
behavior [2].

The low-frequency (LF) region extends from zero frequency up to the cut-on frequency of the first higher-order mode.
Within this range, only plane waves are able to propagate, resulting in an approximately uniform acoustic pressure
distribution across the duct cross section and enabling the use of one-dimensional modeling approaches. However, the
interaction between the source and the duct network is typically strong in this regime, meaning that even small variations
in system properties can significantly affect the radiated acoustic power. For this reason, accurate prediction of sound
transmission in the low-frequency range requires a detailed wave-based description of the acoustic field [1].

Beyond the plane-wave region, the mid-frequency range begins and extends approximately to two to three times the cut-
on frequency of the first higher-order mode. In this regime, higher-order modes start to contribute to sound propagation,
increasing the complexity of the acoustic field. The coupling between the source and the duct system remains important,
and reliable analysis therefore requires wave-based modeling that accounts for all propagating modes. As frequency
increases further, the number of propagating modes grows and the wavelength becomes progressively smaller compared
with the duct cross-sectional dimensions. When a sufficiently large number of modes are present—typically on the order
of ten or more—the sound field can be interpreted in terms of ray-like propagation. This marks the transition to the high-
frequency (HF) region, where the interaction between the source and the duct network becomes weaker and power-based
modeling approaches become more appropriate [3,4]. In this range, the sound field is often approximated as a semi-diffuse
field composed of multiple rays propagating over a half-spherical distribution, enabling the use of ray-tracing and
statistical energy-based methods for acoustic analysis [5].
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Figure 1. Frequency regions, c is the speed of sound and D is the duct diameter.

HVAC duct networks represent one of the most important practical applications of such propagation models. The
widespread use of HVAC systems in residential buildings, public spaces, and transportation environments has led to
increasing attention to their acoustic performance. To ensure acceptable indoor and outdoor noise conditions, various
regulations and standards specify allowable background noise levels depending on room function and occupancy
characteristics [3,4,6,7]. These standards also provide recommended calculation procedures that support acoustic design
during early project stages. In the context of HVAC noise prediction, the commonly applied Source—Path—Receiver
approach is widely used [8]. This method is based on a power-balance description of sound transmission and assumes
that the duct cross-sectional dimensions are large compared with the minimum propagating wavelength, which makes it
primarily suitable for mid- and high-frequency analysis.

2 Theory

Sound propagation in complex duct networks can be described using multi-port formulations under the assumption of
linear and time-invariant system behavior [9]. In the frequency domain, this results in a matrix representation whose size
depends on the number of acoustic modes included in the model. These matrices operate on state vectors representing the
acoustic conditions at duct cross-sections. Typical choices of state variables include modal pressure and modal velocity
along the duct axis, which lead to impedance- or mobility-based representations. A more general alternative is to express
the acoustic state using upstream and downstream modal pressure amplitudes, resulting in a scattering-matrix formulation.
One important advantage of this formulation is its causal structure, which allows straightforward transformation between
the frequency and time domains. In the plane-wave region, where only a single propagating mode exists, the scattering
matrix reduces to a 2x2 system commonly referred to as a two-port. A general framework for analyzing interconnected
two-port networks, including systems with distributed sources, has previously been presented by Glav and Abom [10],
who demonstrated that scattering-matrix approaches provide an efficient computational strategy for large network
configurations.

Overall, the multi-port formulation based on scattering matrices provides an effective method for constructing wave-
based models of duct systems. However, in practical applications the method is typically restricted to the plane-wave
region and the lower part of the mid-frequency range, corresponding approximately to situations with fewer than about
ten propagating modes, see e.g. Refs. [11,12]. As frequency increases further, it becomes advantageous—similarly to
approaches used in room acoustics—to transition toward power-based modelling techniques. This transition involves
averaging the wave fields over frequency bands in order to reduce the influence of interference effects. The acoustic
power transmitted through a duct cross-section, W, can be expressed as the difference between upstream (+) and
downstream (—) propagating contributions. By analogy with the plane-wave formulation using propagating pressure
amplitudes p* and p~ as state variables, one may instead introduce W* and W~ as alternative state variables. This makes it



possible to extend the two-port concept toward a power-based representation suitable for higher-frequency analysis. The
development of this formulation is presented in the following subsection.

2.1 Power-based Two-Ports

To extend the applicability of the two-port formulation into the high-frequency region, where multiple acoustic modes
are propagating, a reformulation of the state variables is required. In this frequency range the coupling between the source
and the duct system becomes weak and can therefore be neglected, which makes acoustic power a convenient choice of
state variable instead of acoustic pressure [2,5]. Starting from the multi-port representation of a duct element [9], a
derivation of the corresponding power-based two-port formulation is presented below.
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Figure 3. Power-based multi-port node, the number of ports
corresponds to the number (m) of ducts connected. Note the
positive direction is defined opposite to the two-ports

Figure 2. Power based two-port element.

Assume a multi-port element with one inlet and one outlet, denoted as ports 1 and 2 respectively (see Figure 2). The
element can be described in the frequency domain using Equation (1)
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where P represents vectors of complex modal pressure amplitudes (n = 1,2), S is the scattering matrix (with R and T
denoting reflection and transmission matrices), the subscripts + indicate incoming and outgoing waves relative to the

system, and the superscript s denotes source contributions. As a first step toward constructing a power-based formulation,
new state variables associated with acoustic power [13] are introduced
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where Z,,denotes the plane-wave impedance of the duct, M, is the Mach number, p,, ;represents the RMS complex pressure
amplitude of the i-th mode, and
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where k,, ;is the transverse wave number of the i-th mode, ¢, is the speed of sound, and wdenotes angular frequency. Only
propagating (cut-on) modes are considered in these expressions [1]. The incident and reflected acoustic power associated
with the i-th mode can then be determined from

Wy = I} 1,1, (4)

where the superscript H denotes the complex conjugate transpose and the modal set is assumed to be orthonormal. Using
these definitions, the multi-port formulation in Equation (1) can be rewritten in terms of the power-based state variables
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where the matrices represent power-based reflection and transmission factors. Equation (5) can be extended to include
internal source contributions by introducing an additional term
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Equation (6) represents the general power-based two-port formulation, where S denotes the scattering matrix containing
reflection and transmission factors and W Sis a source vector. From this point onward, the band index b is omitted for
simplicity. The two-port element can be used to represent any duct component with two openings, as illustrated in Figure
2. In addition, one-port elements are used to model terminations and network boundaries and are defined through a
reflection factor together with a source strength.

Figure 3 shows a power-based multi-port node connecting m ducts. Note that the positive direction is defined opposite to
that used for the two-port elements.

Within a duct network, two-port elements are interconnected at junctions or nodes, which can be modeled as multi-port
scattering elements distributing incident acoustic power between connected ducts (see Figure 3). These nodes may also
include internal sound generation mechanisms such as flow-induced noise. In analogy with Equation (6), a power-based
scattering matrix can be defined for each node
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Expressions for node scattering matrices that neglect reflection effects, consistent with assumptions used in ASHRAE
and VDI calculation procedures, are provided in Refs. [15]. By combining two-port elements, one-port terminations, and
multi-port nodes, the complete duct network model can be assembled. The global network equation is then constructed
following the formulation proposed by Glav and Abom [9]. Equation (8) represents the resulting system relation, where
S.is a tridiagonal matrix containing all two-port elements, S,,denotes node matrices, G, are projection matrices identifying
the two-ports connected to node n, and W™ *@represents radiated acoustic power contributions from both two-ports and
nodes

[5n(6" — S"G"S)IWS, = [, "G WS + X, W3 (®)

The summation over all nodes is used to assemble the complete system matrix, from which the distribution of incident
sound power can be determined. Once these quantities are known, outgoing sound powers are obtained by applying
Equation (6) to each two-port element in the network.

3 A Complete Two-Port Model

The introduction of power-based two-port elements enables the construction of duct network models that remain
applicable across the full frequency range, from the plane-wave region at low frequencies to conditions with multiple
propagating modes at higher frequencies. The same network topology is retained in both cases, and formally the global
network Equation (8) remains unchanged. The difference lies in the matrices used in the formulation: complex-valued
matrices are required for the wave-based representation in the plane-wave region, whereas real-valued matrices are
sufficient for the power-based formulation used at higher frequencies.

3.1 SIDLAB full range analysis

By extending the existing SIDLAB HF implementation [16], which is based on power-based two-port elements, and
incorporating wave-based models for all relevant components, a combined modelling environment referred to as SIDLAB



HF&LF has been developed. The SIDLAB HF framework itself relies on models derived from both ASHRAE and VDI
standards [3,4,7,8], allowing a wide range of practical duct system configurations to be represented. As in these standards,
reflections are neglected in the high-frequency analysis and the calculations are performed in octave bands.

To enable low-frequency analysis within the same framework, wave-based two-port elements from the SIDLAB LF
implementation [16] were incorporated. Sound sources such as fans and flow-generated noise are introduced using sound-
power data, either specified directly by the user or obtained from standardized prediction models. In the low-frequency
range, these sources are represented as dipole sources and the corresponding sound-power data are converted into
equivalent dipole forces. Since the low-frequency calculations are carried out in narrow frequency bands, the high-
frequency source spectra are converted under the assumption of a white-noise distribution.

The modeling procedure begins by dividing the physical system into a set of two-port elements from which the network
representation is constructed within SIDLAB. Based on this network description, two versions of the global equation
system (LF and HF) corresponding to Equation 8 are generated and solved. The narrow-band low-frequency solution is
applied up to the octave band where higher-order mode cut-on has occurred in all elements. The resulting narrow-band
LF predictions are subsequently converted to octave-band values and combined with the HF results to obtain the complete
response over the full frequency range.

3.2 Application cases

The performance of the combined two-port formulation is evaluated using two representative applications:
Case 1: a large industrial muffler
Case 2: an HVAC duct network supplying two rooms

These examples were selected because they include both reflective and dissipative components, and because their
geometrical characteristics and excitation spectra make low-frequency effects particularly relevant.

3.2.1 Case 1: a large industrial muffler

The first example considers a muffler connected to a large diesel engine used for power generation. Noise from large
internal combustion engines typically contains strong low-frequency components with high amplitudes. In addition,
turbo-charging introduces significant high-frequency content. In contrast to conventional automotive silencers, the size
of both the engine and the associated muffler require acoustic analysis covering both low- and high-frequency ranges.
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Figure 4. Industrial muffler, a) muffler drawing, b) muffler divided into two-port elements, and c¢) SIDLAB network.

Figure 4 shows the muffler geometry together with the corresponding two-port network representation consisting of
eleven elements. The system includes circular inlet and outlet ducts, two expansion chambers modeled as plenums, and a
lined duct located near the outlet section. The pipe diameters range between 200 mm and 540 mm, the chamber diameter
is approximately 950 mm, and the total muftler length is about 3500 mm. The calculated insertion loss (IL) is presented
in Figure 5.
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Figure 5. Case I: Insertion loss for industrial muffler.

The results indicate that the plane-wave limit occurs in the 250-Hz octave band, where the insertion-loss predictions
obtained from the low- and high-frequency models coincide. At higher frequencies the HF prediction yields lower
insertion-loss values than the LF model, which is expected since the HF formulation neglects reflection and resonance
effects.
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Figure 6. Drawing of the HVAC system analyzed and the corresponding SIDLAB two-port network. The red point marks the
reference point where the SPL was measured.

The second example considers an HVAC duct system installed in apartments located on the 59th floor of the Iconic
Tower New Cairo. The system is supplied by a fan coil unit (FCU) serving two rooms. A schematic of the installation
together with the corresponding SIDLAB two-port network is shown in Figure 6. The reference location used for SPL
evaluation is marked by a red point in the figure.
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The network representation consists of 44 elements. The system begins with a fan source defined by octave-band sound-
power levels obtained from manufacturer data. The duct network then divides into five branches: one branch supplies one
room, while the remaining four branches serve the second room. The network includes lined ducts, volume dampers,
flexible connections, branch junctions, and supply grilles. The main ducts have approximate dimensions of 400 x 200
mm, while the terminal branches are 250 x 200 mm. All ducts include a 1-inch lining layer. Flow-generated noise from
the volume dampers is specified using manufacturer data, whereas grille noise is estimated using standard prediction
methods. The reverberation time of the room is selected according to the furnishing conditions at the time of measurement.

The sound-pressure level is predicted at the reference position shown in Figure 6 at a height of 1.5 m above the floor. The
resulting NC rating [6] is calculated first using the HF model alone and then using the combined LF&HF modeling
approach. As illustrated in Figure 7, the plane-wave limit lies between the 125-Hz and 250-Hz octave bands; therefore,
the 125-Hz band is conservatively selected as the upper limit for the LF model. The results show that the predicted NC
value is 40 when only the HF formulation is used, whereas the combined LF&HF approach yields an NC value of 34.
The latter prediction agrees more closely with the measured SPL values obtained in the room.
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Figure 7. Case 2: NC level at the reference point (see Fig. 6) in the room using HF modelling only and combined LF &HF modelling.

4  Summary

A power-based reformulation of the acoustic two-port concept, given by Eq. (12), has been introduced in order to extend
the applicability of two-port modeling into the high-frequency range. This makes it possible to employ the same general
network formalism, Eq. (14), for the acoustic analysis of complex duct systems from the low-frequency plane-wave region
to the high-frequency range with many propagating modes. The proposed approach therefore provides a unified modeling
framework in which wave-based and power-based descriptions can be combined within the same network structure,
depending on the frequency range of interest.

A further advantage of the method is that the same two-port network can also serve as the basis for aerodynamic
calculations. As demonstrated previously, one-dimensional flow analysis may also be formulated using two-port
representations [17]. Once the network of a system has been established, the approach can therefore be used to evaluate
not only sound propagation over the full frequency range, but also flow distribution and pressure drop within the same
model. This gives the method clear practical relevance for HVAC analysis and design, where flow and acoustics are
strongly interconnected.



The proposed formulation has been evaluated using two practical test cases, shown in Figs. 4 to 7. The results illustrate
that significant discrepancies may occur in the low-frequency range when predictions are based solely on conventional
power-based standard methods. Such deviations are primarily related to the inability of pure power-based approaches to
account for reflection and resonance effects that can remain important at lower frequencies. By combining wave-based
and power-based analysis, the proposed method offers an alternative means of estimating these effects and thereby
improving the reliability of the acoustic prediction.

Overall, the study shows that the mixed two-port approach can reduce the risk of overlooking low-frequency noise
problems in complex duct systems. It extends the usefulness of two-port network modeling beyond its conventional range
of application and provides a practical tool for more complete acoustic assessment of HVAC and similar ducted systems.
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