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Abstract: This study investigates the aeroacoustic behaviors of a square truncated perforated diffuser under airflow, commonly used
in Air Handling Units (AHUs). The design parameters are fundamentally taken into account to unveil the aeroacoustic performance of
the diffuser. Initially, unsteady-state Computational Fluid Dynamics (CFD) simulations are conducted based on models that accurately
represent the fluid domain of the chamber with the perforated diffuser in the ANSYS Fluent environment. Subsequently, the Ffowcs
Williams and Hawkings (FW-H) method integrated into the software is employed to acquire time-dependent signals from microphones
placed in three different locations within a perforated diffuser chamber. Finally, the results are converted to a frequency range of 0-
1000 Hz using the Fast Fourier Transform (FFT) method, and the SPL values are obtained. The results show that the microphone
location is crucially important to determine SPL and the porosity reduction from 0.55 to 0.35 can reduce SPL by approximately 30-40

dB. Variations in wall thickness of the diffuser fluctuated between 5-10 dB at each frequency value.
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1. Introduction

Air Handling Units (AHUs) are crucially important
components of Heating, Ventilating, and Air Conditioning
(HVAC) systems (Yu et al, 2014). An AHU typically
conditions the air by adjusting temperature, humidity,
and filtration. The cross-sectional area of fans employed
in AHUs is less than the cross-sectional area of chambers
situated adjacent to the HVAC equipment's fan, including
heating/cooling coils, silencer (sound attenuator), filter,
or heat recovery elements (Kamer et al,, 2018). The air
supplied by the fan is therefore partially in contact with
the surfaces of other units. The operating efficiency of
AHUs is significantly diminished by this situation. In
order to address this issue, a chamber with a perforated
diffuser is employed after the fan chamber (Erdogan,
2017). When utilizing a chamber with a perforated
diffuser, it becomes feasible to enhance operational
efficiency by minimizing the overall pressure loss in the
AHU (Bulut et al, 2011). This is achieved by ensuring a
uniform passage of air across all the surfaces of the
aforementioned units. Minimizing the total pressure loss
in the AHU and achieving homogeneous airflow diffusion
to the subsequent unit are crucial aspects for enhancing
energy efficiency (Erdogan and Dagkin, 2023). Figure 1
illustrates a schematic representation of an AHU
equipped with a perforated diffuser. According to a
market survey among manufacturers of AHUs, there is

insufficient information about the flow structure in
chambers equipped with perforated diffusers.
Additionally, the perforated diffusers used in AHUs may
cause significant noise (Yapanmis, 2016; Erdogan, 2017).
In many instances, this leads to health problems and, as
such, is undesirable. Elevated noise levels can also
indicate energy inefficiency and vibration problems. The
noise generated by perforated diffusers is primarily a
result of flow (aeroacoustic) issues. Yapanmis (2016)
investigated the pre-emissive properties of perforated
diffusers with square truncated pyramid and truncated
cone geometries designed for AHUs. The study examined
the effects of different geometrical parameters on sound
transmission loss. However, it does not cover the
aeroacoustic properties of perforated diffusers, focusing
instead on their acoustic properties in a flow-free
environment. Martinez-Lera et al. (2012) conducted a
numerical flow study in an HVAC duct with a flapper
inside and subsequently calculated the sound pressure
level using the Ffowcs Williams-Hawkings (FW-H)
approach in ANSYS-Fluent. Kaltenbacher et al. (2016)
presented a novel computational scheme for simulating
flow-induced sound in rotating systems. The method,
they used, employs scale-resolving simulations with an
arbitrary mesh interface,
stationary domains.

connecting rotating and
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Figure 1. Schematic representation of an AHU with perforated diffuser.

The Finite-Element method, along with Nitsche type
mortaring, was applied at the interface for solving. They
demonstrated in the numerical computation of a side
channel blower (Kaltenbacher et al.,, 2016). Kandekar et
al. (2019) investigated flow-induced noise in the 400 Hz
to 5000 Hz range and discussed a
Computational (CAA)
simulating. They validated through testing with good
correlation between CFD predictions and measurements.

frequency

Aeroacoustics approach for

Mikedis (2023) performed some numerical simulations
on aeroacoustic characteristics in a HVAC duct by
employing OpenFOAM CFD toolbox. The Direct
Model (DNS) was solve the
aeroacoustic simulations and the model was validated

Numerical used to
with experiments. Bezci numerically investigated the
flow structure and aerodynamically induced noise in a
centrifugal fan using k-€ and LES (Large Eddy Simulation)
turbulence models under five different outlet pressure
boundary conditions. Additionally, he determined the
noise propagation from the flow in free space using the
Ffowcs Williams-Hawkings (FW-H) approach (Bezci,
2009).

Numerous studies in the literature focus on the acoustic
performance of silencers equipped with perforated
surfaces, employed in diverse industrial applications.
Ueda et al. (2002) observed the acoustic field of the
resonator through measurements of instantaneous
pressure and average velocity. They asserted that the
phenomena responsible for sound wave generation and
the acoustic resistance of the resonator are closely linked
to the phase difference. Furthermore, the efficiency
values were found to exhibit a connection at this juncture
(Ueda et al, 2002). Emphasizing the significance of
designing the grid structure inside the resonator to
mitigate pressure fluctuations at the inlet, Zoccola
highlighted that an incompatible design with the
pressure fluctuation character could result in persistent
oscillations. This could even lead to irregular vortex
fields instead of periodic ones. Zoccola conducted
velocity and sound measurements to establish the
relationship between the excitation system, amplitude
levels in the resonator, and grid configurations (Zoccola
Jr, 2004). Morris et al. concentrated on the pressure

differential, oscillatory excitations, and secondary losses
resulting from constrictions and expansions within the
resonator flow field. They examined and discussed the
interactions between the entire resonator and the
expansion and constriction parts separately and in
comparison (Morris at al.,, 2004).

2. Materials and Methods

The dimensions of the square truncated pyramid
perforated diffuser chamber investigated in this study
are shown in Figure 2. All geometric parameters
considered in this study are given in Table 1.

Table 1. Variable geometric parameters and values

Parameters Unit Value
o) [-] 0.35, 0.40, 0.45, 0.50, 0.55
a [°] 50, 55, 60
t [mm] 1,2,3
Lo [mm] 0,100, 200
Hole array type [-] Staggered, Straight
Diffuser surface
[-] Flat, convex, concave
type
Y\ $50 mm
Axr inlet
230 mm 34—

450 mm

180 mm |

-

Figure 2. The dimensions of the square truncated
pyramid perforated diffuser chamber.

In Table 1, 't' represents the plate thickness; '¢" indicates
the porosity of the perforated diffuser, representing the
ratio of the area of apertures to the total surface area of
the perforated diffuser; '@’ and 'Lo' denote the draft angle
of the diffuser and the distance from air inlet to diffuser,
respectively. Hole array types are illustrated in Figure 3.
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Straight array Staggered array

Figure 3. Hole array type.

Fluent within the ANSYS software package. Tetrahedral
(four-faced) elements, relatively
complex geometries, were employed as the mesh
elements (Fluent, 2009). Throughout the surfaces of the
perforated diffuser and in the flow domain, the maximum
element size was set to 0.01 m, while on the surfaces of
the perforated diffuser, it was determined to be 0.005 m.

recommended for

Figure 4 depicts the mesh structure of the CFD models.

Figure 4. Mesh structure of the CFD models.

This study presents the sound pressure levels (SPL) in
the chamber with a perforated diffuser in the frequency
range of 0-1000 Hz, considering the geometric design
parameters of the square truncated pyramid perforated
diffuser. The models, developed for
aeroacoustic analyses, involved solving Equations 1-5,
which represent (Equation 1),
(Equation 2), and the Standard k-e¢ turbulence model
(Equation 3, 4) in the ANSYS-Fluent software (Fluent,
2009). The simulations were carried out with a time step
of 0.0005 s and a total of 1000 time steps. The boundary
conditions include a "velocity inlet" defined for the 230
mm x 230 mm air inlet section, and a "pressure outlet"
defined for the 550 mm x 730 mm air outlet section. The

numerical

mass momentum

air inlet velocity is assumed to be 16.2 m/s, while the
average static pressure at the outlet section is assumed
to be 100 Pa. Subsequently, employing the Fowcs
Williams-Hawkings (FW-H) approach within the Ansys-
Fluent program, based on the Lighthill acoustic analogy,

time-dependent acoustic signals were acquired from
three microphones strategically placed within the
chamber. The SPL values were then determined across
frequencies using the Fast Fourier Transform (FFT)
module in the CFD-Post section. The microphone
positions placed inside the square truncated pyramid
hole diffuser chamber, here presented as microphone 1-
M1, microphone 2-M2, and microphone 3-M3, are shown
in Figure 5.
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where u and p are the velocity and pressure, respectively.
uju,’ states Reynolds stress.
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In equation 3 and equation 4, the symbols k and ¢
represent turbulence Kkinetic energy and turbulence
dissipation rate, respectively. The turbulent viscosity,
denoted as p is expressed through the calculated
Equation 5 presented below.
2
he = pG, = ©)
€
The constants in these equations are assigned the
following values, respectively: o,=1, 0.=1.3, C;.=1.44,
(2£=1.92, and €}, =0.09 (Fluent, 2009).
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Figure 5. Microphone positions in chamber with
perforated diffuser.

3. Results and Discussion
The CFD analyses conducted to investigate the impact of
the geometrical design parameters of the square

BSJ] Eng Sci / Ahmet ERDOGAN et al.

273



Black Sea Journal of Engineering and Science

truncated pyramid perforated diffuser on the SPL
generated by the airflow within the chamber involved
collecting data from microphones at three distinct
locations across the frequency range of 0-1000 Hz. Figure
6 shows the porosity effect on the SPL. Upon analyzing
Figure 5, it is noted that the variation in SPL with
different porosity values differs depending on the
position of the Generally,
however, the SPL within the chamber equipped with a

receiving microphone.

perforated diffuser increases as the porosity value rises.
Reducing the porosity value from 0.55 to 0.35 can result
in a significant noise reduction in SPL, amounting to
approximately 30-40 dB across nearly all frequency
values. In the context of this flow model, it can be
inferred that higher porosity values lead to increased SPL
values due to the formation of more vortices in the flow
domain. Figure 7 illustrates the impact of the diffuser
draft angle on the SPL. According to Figure 7, a decrease

N

in SPL near the diffuser is observed as the draft angle
increases. Specifically, signals from M1, positioned
closest to the diffuser, consistently exhibit lower SPL
values, except for certain frequency values observed in
signals from M3, located farthest from the diffuser, for
a=55° Additionally, an increase in the draft angle
induces greater fluctuations in SPL across various
frequencies. The impact of the specified diffuser wall
thickness values on the SPL is depicted in Figure 8. Upon
analysis, it is noted that there is a decline in the SPL with
an increase in the wall thickness parameter from 1 mm to
2 mm for signals received from M1, the microphone
closest to the diffuser. However, in the case of signals
received from microphones M2 and M3, it is observed
that the SPL is higher at the intermediate value of 2 mm
wall thickness compared to the values of 1 mm and 3
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Figure 6. Porosity effect on SPL.
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Frequency (Hz)

(L] " X I X o a "W [0

&0 [ 1L

“lmm — | w—( = |
w| Ml m | M2 s M3
) —i"im (7] . 14 il
L Jen " Fam " I=iem
g L fq ' £a k
T o £fu \"’7_-;\_ £ a0 \
£ - \\“_‘~“ " z & B - | * : ~—— ‘L‘m
| w“w b WAJ Parit |
0 1 )
» N & |
¥ 4 I
0 o Ly (3.1] »m (0] » W (] ) wm ] b o] on UL Ll
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 8. Diffuser thickness effect on SPL.

Figure 9 illustrates a graph depicting the variation in SPL
with the position of the square truncated pyramid

perforated diffuser (Lo) within the chamber. Examination
of this graph reveals a substantial correlation between
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the diffuser position and the microphone position in the
obtained signal values. Specifically, it is observed that the
SPL is higher at Ly=100 mm in the signals received from
the M1 receiver. This is attributed to the fact that the M1
microphone position is 50 mm inside the peak of the
perforated diffuser, where the noise caused by the time-
dependent vortical flow structure is more pronounced.

Figure 10 gives the SPL values acquired for various hole
array types and three different microphone positions.
With the exception of some signal values obtained from

the M2 receiver at low frequencies, it is evident that the
staggered array results in higher SPL than the straight
placement type for all three microphone positions. Figure
11 presents the SPL values recorded from three distinct
microphone positions when the surface type of the
perforated diffuser is flat, convex, and concave. Based on
the signals obtained from the microphone in all three
positions, it can be concluded that the concave geometry
induces more fluctuations in the SPL across different
frequencies and results in a lower overall SPL.
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Figure 9. Diffuser locations effect on SPL.
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Figure 11. Diffuser surface type effect on SPL.

4. Conclusion

This study offers insights into how the
parameters of square truncated pyramid perforated
diffusers, utilized in AHU, influence the SPL. Following
CFD-based aeroacoustic analyses, SPL values were
acquired within the frequency range of 0-1000 Hz for
each geometric parameter value employed in the diffuser
configuration.

geometric

e Low porosity value provides lower SPL values. A
reduction in porosity from 0.55 to 0.35 can
drastically reduce SPL by approximately 30-40 dB
across almost all frequency ranges.

e While the SPL decreases with a reduction in the
draft angle for the M2, a draft angle of 55° results in
less noise, approximately 20 dB lower, compared to
values obtained from microphones positioned (M3)
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farther from the diffuser.

e Analyzing signals from the microphone in the
downstream region of the diffuser revealed that the
impact of wall thickness variation on SPL fluctuated
at each frequency value, typically within a range of
5-10 dB.

e The placement of the diffuser within the chamber
(LO) can influence the SPL by approximately 20 dB,
regardless of the microphone's position. When the
diffuser is positioned near the air inlet surface
(L0=0), the lowest SPL is achieved downstream of
the diffuser.

e The straight array results in a reduction in SPL of
approximately 20 dB at all microphone positions
compared to the staggered array.

e Analyzing signals from the microphone located
downstream of the diffuser, it is observed that when
the diffuser surface is flat, concave, or convex, there
is a maximum difference of 5 dB in SPL across
different frequencies.

As a future study, the fluid domain in these CFD models
will be expanded to include the HVAC duct component.
Consequently, the microphone positions will be relocated
to align with the new model. Additionally, other AHU
components, such as the heating/cooling coil, humidifier,
and filter, will be integrated into the models. This
expansion aims to yield more comprehensive results.
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