
Acoustic characteristics of a heavy duty vehicle cooling module

Anders Rynell a,b,⇑, Gunilla Efraimsson a, Mattias Chevalier b, Mats Abomc

a The Centre for ECO2 Vehicle Design, Department of Aeronautical and Vehicle Engineering, KTH Royal Institute of Technology, Teknikringen 8, SE-100 44 Stockholm, Sweden
b Scania, SE-151 87 Södertälje, Sweden
cMarcus Wallenberg Laboratory for Sound and Vibration Reserach (MWL), KTH Royal Institute of Technology, Teknikringen 8, SE-100 44 Stockholm, Sweden

a r t i c l e i n f o

Article history:
Received 11 March 2015
Received in revised form 29 March 2016
Accepted 4 April 2016

Keywords:
Fan noise
Installation effects
Transmission loss
Insertion loss
Spectral decomposition

a b s t r a c t

Studies dedicated to the determination of acoustic characteristics of an automotive cooling package are
presented. A shrouded subsonic axial fan is mounted in a wall separating an anechoic- and a reverbera-
tion room. This enables a unique separation of the up- and downstream sound fields. Microphone
measurements were acquired of the radiated sound as a function of rotational speed, fan type and
components included in the cooling module. The aim of the present work is to investigate the effect of
a closely mounted radiator upstream of the impeller on the SPL spectral distribution. Upon examination
of the SPL spectral shape, features linked specifically to the source and system are revealed. The proper-
ties of a reverberant sound field combined with the method of spectral decomposition permit an estima-
tion of the source spectral distribution and the acoustic transfer response, respectively. Additionally,
purely intrinsic acoustic properties of the radiator are scrutinized by standardized ISO methods. A new
methodology comprising a dipole sound source is adopted to circumvent limitation of transmission loss
measurement in the low frequency range. The sound attenuation caused by the radiator alone was found
to be negligible.
� 2016 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Despite dedicated efforts to clarify the noise generating
mechanisms associated with cooling fans, there is still inadequate
knowledge of its susceptibility to complex installation effects. The
measured far-field sound pressure level (SPL) from a spinning fan
operating in a duct-like environment is ineluctably colored by
the acoustic properties of the system. Inherent acoustic phenom-
ena like resonances and reflections of the system prevent identifi-
cation of the source spectral distribution alone. Hence, performing
acoustical studies of turbomachinery noise sources, comprise inte-
gration of the acoustic modulation caused by the environment, i.e.
account for acoustic installation effects. Furthermore, the spectral
distribution and magnitude of the aerodynamic noise that origi-
nates from the fluctuating forces exerted by the blades is closely
linked to the inflow characteristics. Consequently, the perceived
SPL visualized as peaks at discrete frequencies together with
broadband components [1,2] is highly correlated with the turbu-
lence content and the coherence in the inflow [3,4]. Additionally,

obstacles placed at the inlet [5,6], an asymmetric shaped shroud
[7], boundary layers on the casing [8,9] together with vortex for-
mation in the fan tip region [10] significantly affect in particular
harmonic spectral components. These are commonly referred to
as aerodynamic installation effects.

Thus, the study of sound generating mechanisms and acoustic
propagation from ducted fans involves examination of both instal-
lation effects. The aim of the present work is to investigate the
effect that a closely mounted radiator upstream of the impeller
has on the SPL spectral distribution radiated from an automotive
cooling module. Due to the radiator’s inherent pressure loss
associated with its flow inhibiting properties [11] and acoustic
transmission loss [12] both the aerodynamic and the acoustic
conditions are amended [13,14]. Previous published material fre-
quently omits the acoustic masking effect caused by the system
and the radiator [5,14,15]. These studies solely accounted for the
SPL difference caused by the combined effects as no separate
analysis of the acoustic properties of the radiator or the system
is included in the investigations. Also, in some instances, compar-
isons are made between a clean fan and a fan placed in a duct with
a radiator [5].

In the present study, emphasis is on separating the impact of
each installation effect. An engineering approach based on the
spectral decomposition method [16–20] is enabled due to the
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unique separation of the up- and downstream sound fields. Hence,
instead of formulating a computer algorithm to extract the sound
source or the acoustic response of the system, the properties of
the experimental facility are exploited. Additionally, the inherent
acoustic properties of the radiator are investigated from flow
induced noise (FIN) and transmission loss (TL) measurements.
Unfortunately, radiator characteristics obtained from standardized
methods fail to provide reliable information in the low frequency
range. This motivated the authors to develop a new method suit-
able for frequencies having wavelengths much larger than the
dimensions of the radiator.

This paper is arranged in the following way: Section 2 presents
the theory on which the analysis is founded. In Section 3, the com-
ponents constituting the cooling system are briefly described fol-
lowed by the experimental techniques adopted for determining
the acoustic properties of the individual components together with
the complete cooling package in Section 4. Section 5 summarizes
the most important results. Finally, conclusions concerning the
findings are stated in Section 6.

2. Spectral decomposition

The SPL measured outside a ducted fan does not solely repre-
sent the spectral distribution of the fan but instead the combined
effect of the fan and the acoustic properties (scattering and reflec-
tion) of the surrounding system. To facilitate the study of such
installations, it is beneficial to isolate the effect of each contribu-
tion. For ducted fans, this can be handled through the method of
spectral decomposition [16–20]. Following the formulation of
Canepa et al. [20], the far-field one-sided power spectral density
is given by
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where f is the frequency, X is the rotational speed, Dtip is the impel-
ler tip diameter, r is the distance to the receiver and H is the incli-
nation angle, measured from the rotational axis. The non-
dimensional quantities, namely the Mach number Ma, Strouhal
number St, Helmholtz number He, Reynolds number Re and flow
coefficient u are

Ma ¼ XDtip=2a0
St ¼ f=f BPF
He ¼ fDtip=a0

Re ¼ XD2
tip=2m

u ¼ 8Q=pXD3
tip

ð2Þ

where f BPF denotes the blade passing frequency, a0 is the speed of
sound, m is the kinematic viscosity and Q is the volume flow rate.
The source term F St;uð Þ is purely aerodynamic, describing sound
source mechanisms related to pressure and velocity fluctuations
within the flow region. It is independent of propagation effects
which are described by the product MaaG2 He;u; r=Dtip;H

� �
. The

term Maa is associated with aeroacoustic radiation efficiency and
depends exclusively on the source properties (acoustic compactness
and coherence of the source). The acoustic response function
G He;u; r=Dtip;H
� �

describes the acoustic properties of the cooling
unit and all solid objects scattering the sound field. Besides a strong
dependency on the receiver’s position, a possible change in source
position is given through the dependency on flow coefficient u. Both
functions F and G are made non-dimensional in the formulation.
The SPL spectrum can be approximated from Eq. (1) for a small
frequency band Df
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where pref = 20 lPa. The effect of Re on the generated noise is neg-
ligible for low-Mach number fans (b = 0), see e.g. [17,18]. Addition-
ally, for a fixed receiver position and constant flow coefficient, F and
G will be functions of St and He, respectively. Hence, an expression
for the two functions in Eq. (1) is given as

20log10 FðStÞ þ 20log10G Heð Þ ¼ Lp f ;Xð Þ � 10log10 X3þa
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The left-hand side represents unknown terms while all terms

on the right-hand side are known from experiments. The separa-
tion is feasible as the terms on the left-hand side are inherently
related to two different frequency scales, St and He. In principle,
in the absence of propagation effects, e.g., when the source radiates
into a reverberation room, the spectra scaled with 10log10X

3þa and
plotted versus St, should collapse on a single curve. This aspect is
also discussed later in more detail in Section 5.4.

3. Description of the cooling module components

In order to simplify the study of features of noise emanating
from a low-speed fan, the number of components is reduced in
relation to a realistic underhood compartment. The modular test
section consisted of an automotive radiator, a shroud, a fan, a
frame and a hydraulic motor; see Fig. 1 left to right.

To the left in the figure, the modular assembly is shown fol-
lowed by each component separated. All parts come from a Scania
bus cooling installation. The modular set-up enables separate mea-
surements of the different components, as well as measurements
of the complete setup. The radiator is of parallel-plate type and
has a frontal area of approximately 0.60 m2 (0.85 m � 0.70 m).
The cooling operation of the radiator was not in use, that is, the
radiator acted as a passive device during the measurements. The
radiator has a thickness of 50 mm and the distance to the fan is
80 mm. As in realistic applications, the shroud is mounted closely
to the radiator in order to guide the flow towards the fan. Two dif-
ferent fans are tested where one is common for truck applications
and one is common for buses. Both are 750 mm in diameter, have a
blade chord ranging from 0.14 m to 0.16 m and are equipped with
11 blades but differ in shape; see Fig. 2. The tip clearance is 5 mm.
The fans were driven by a hydraulic motor with a maximum pres-
sure of approximately 230 bar.

4. Experimental setup

The measurements comprise acoustic properties like SPL, sound
power level (SWL), flow induced noise (FIN), transmission loss (TL)
and insertion loss (IL). The modular test section is mounted in the
wall between an anechoic and a reverberation room; see Fig. 3. The
air was sucked by the fan, from the anechoic room through the
radiator into the reverberation room. The setup enabled separation
of the radiated sound up- and downstream in accordance with the
installation in a heavy vehicle application where the outside is sep-
arated from the engine bay. The wall where the fan is mounted has
an area of 9 m2 (3 m � 3 m). To minimize the inflow disturbances
to the radiator, the inlet side opening is designed with rounded
edges (radius 50 mm) i.e. around the perimeter of the radiator;
see Fig. 3(a).
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