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With the electrification of automotive powertrains, noise from cooling fans has become increasingly  
important, particularly at new operating points such as standstill charging, where the fan often dominates 
the over all sound level. Component testing of these fans is typically carried out under idealized inlet flow 
conditions. In vehicle installations, however, packaging constraints frequently distort the inlet velocity 
profile. This not only reduces aerodynamic performance but can also increase noise levels by 10 dB or 
more. 
 
To reproduce such installation effects at the component-testing level, it is proposed to expose fans to 
imperfect but well-defined inlet flow conditions. Flow guides can generate these conditions, but they risk  
altering the acoustic environment of the test setup. Since fan noise is often measured on the intake side, the 
use of acoustically transparent materials for the flow guides (an acoustically transparent wind tunnel) is 
investigated. The goal is an easy to use, versatile, engineering precision solution. 

A bespoke test rig was constructed using a thin plastic film. The material was first validated to be 
acoustically transparent while maintaining sufficient structural integrity to guide the mean flow. 
Subsequently, the influence of angled inlet flow on fan performance and noise was compared to the free-
inlet reference case.  

1 Introduction 

The work presented here is driven by two major trends in the automotive industry. The first is the ongoing electrification 
of vehicle powertrains. Without the masking effect of a  combustion engine, noise sources that were previously inaudible 
become clearly perceptible to passengers and bystanders. Cooling fans are among the most prominent of these newly 
exposed sources, and the shift to electric powertrains has also introduced new operating conditions — most notably 
standstill charging, where the fan operates while the vehicle is stationary and frequently dominates the overall sound 
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level. The second trend is the industry-wide drive to reduce the reliance on full-vehicle testing by moving verification 
and validation activities earlier in the development process, toward component testing and simulation. This so-called left-
shifting reduces development time and cost, but it places greater demands on the fidelity of component tests. For fan noise 
in particular, this means that component-level measurements must be capable of reproducing the acoustic consequences 
of real installation conditions — something that idealized free-inlet test setups cannot reliably do. 
 
In vehicle installations, packaging constraints typically force the cooling fan to operate in non-ideal inflow conditions. 
The available space upstream of the fan is often restricted by heat exchangers, structural members, and other components, 
leading to strongly non-uniform and skewed velocity profiles at the fan inlet. Such conditions are well documented to 
increase both tonal and broadband noise levels; increases of 10 dB or more relative to clean-inlet conditions have been 
reported in the literature [1,2]. Despite this, component-level testing of cooling fans is conventionally carried out under 
idealized free-inlet conditions. The gap between the test environment and the real installation makes it difficult to predict 
in-vehicle noise performance at the design stage. 
 
To bridge this gap, it is proposed to reproduce installation-representative inflow distortions at the component test level 
by introducing a flow guide — in essence a small wind tunnel — around the fan inlet. Such a structure can generate a 
well-defined skewed or angled mean flow before the fan face as well as separated flows. The challenge is that any solid 
structure risks disturbing the sound field, making it impossible to separate the aerodynamic effect from any acoustic 
artefact introduced by the guide itself. This concern has motivated the development of acoustically transparent wind 
tunnels, where the walls are constructed from materials that allow sound to pass through with negligible reflection or 
transmission loss while still guiding the mean flow. In aeroacoustic research, the most refined implementations of this 
concept are found in large-scale aeroacoustic wind tunnels, where Kevlar-cloth test sections allow sound to pass to 
external microphone arrays while maintaining a closed flow circuit [3]. Such facilities are primarily designed for 
aerodynamic body noise measurements and require carefully tensioned cloth, structural support systems, and careful 
acoustic calibration. The engineering challenge addressed in the present work is more modest: to construct a  simple, 
practical flow guide suitable for a  fan test rig that is acoustically transparent with engineering precision, using 
commercially available materials and without specialised infrastructure.  
 

2 Basic fan aeroacoustics 

 

 
 

Figure 1. The Neise chart [4]. Illustrating the mechanisms that contribute to fan noise. 
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Aero-acoustic studies most often start from the pioneering work of Lighthill.  In his classic acoustic analogy, he derived 
an inhomogeneous wave equation with a number of “acoustic source terms” from the compressible flow field. They are 
often grouped as “monopoles” representing volume displacement, “dipoles” given by fluctuating pressures and 
“quadrupoles” resulting from unsteady Reynold stresses or transport of momentum. The mono- di- or quadru- prefix 
reflects how they interact with the acoustic field and consequently, how they scale with characteristic lengths and 
velocity. It is well established (see overview in [4, 5]) that the relevant source terms for fans are of dipole character. 
They are nicely summarized in the Neise chart, see Figure 1 
 
The boxes tagged “Self-Noise” are given by the fan design itself. The Gutin noise, i.e. the result of the fan rotating in a 
perfect uniform and steady flow is often negligible. Vortex shedding and secondary flows could be significant depending 
on the fan design. Much attention has for example been put on tip clearance noise [6]. However, in automotive applications 
the main contribution to the noise is most often from unfavourable inflow conditions. In the chart, the aerodynamic 
installations effects are clearly tagged separately. Such effects could simply be steady but skewed flow profiles, resulting 
in a strong tonal behaviour, but also time-varying phenomena, such as turbulence or rotor-stator interaction. 
 

3 Experimental setup 

3.1 The fan test rig  

      
 

Figure 2. Left: Scematic of the fan test rig Right:The wind tunnel and microphone setup in the pressure chamber. 

 
All measurements are conducted in the fan test facility of Volvo AB located in Gothenburg, Sweden. The aerodynamic 
properties of the rig can be found in Gullberg [7]. The left panel of  Figure 2 illustrates the main features of the plenum-
to-plenum closed-loop type facility. Commencing from the baffled inlet duct, the mean flow enters the pressure chamber 
via a thin perforated metal sheet. Subsequently, it enters the open space of the pressure chamber, where acoustic 
measurements are made. The pressure chamber is acoustically treated to be semi-anechoic from 200 Hz (see paper 1 in  
Vourakis [8]). The mean flow then exits through the tested fan into an atmospheric condition outlet chamber. In the return 
circuit the flow is conditioned and gauged. Given the size of the pressure chamber it is expected that large-scale inflow 
distortions are created an ingested by the tested fans [9]. That is, the inlet flow condition is not ideal even in the 
undisturbed case. The turbulence intensity across the inlet diameter typically is in the vicinity of 7%. 
 

3.2 Wind tunnel and microphone grid design 

In the right panel of Figure 2 a  photo of the setup with one of the tested wind tunnels can be seen. A thin plastic film (KIP 
313) was selected as the wall material, chosen for its low surface density and sufficient structural integrity to sustain the 
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mean flow. No control of the stretch of the material was possible at this stage. It was simply mounted manually trying to 
avoid any wrinkles or misalignment. The same person did all four sides to minimize variations. In this case the cross-
sectional dimensions of the tunnel were chosen so it is still not ducted, but to avoid large scale vortex structures 2.2 x 1.6 
times fan diameter D in the rectangular case with a length of 2D. At the inlet of the tunnel a  flow straightener, “honey-
comb” + wire mesh, is placed. The pressure loss across this flow straightener is very low and can be neglected. This is 
important, not only for performance measurement but also for acoustics. For the wind tunnel to be acoustically transparent 
also the honeycomb must have negligible effect on the acoustic wave propagation. The microphone grid was in this case 
placed at a  height above the floor 0.2 m higher than the centre of rotation of the fan at a  radius into the room of 1.46 m. 
An additional reference microphone can be seen to the left. This was introduced to compare to the setup validation 
measurement presented next. In all acoustic measurements ½-inch GRAS 46AE microphones together with a 
DEWESOFT SIRIUS Modular data acquisition system are used. 
 
 
3.3 Validation of acoustic transparency in-situ 

 

 
 

Figure 3. Validation setup with the 45° wind tunnel. Microphone 1&2 are hard to see in the photo but are "inside" the tunnel. 
Microphone 3 (not seen in the photo) is a reference microphone in the room (to the right of the reference source), hence with a direct 

line of sight unaffected by the setup. In the background the shaft to the electrical motor that drives the tested fan blade later on is 
seen. 

 
The bespoke design of the wind tunnels with a simple plastic and a honeycomb flow straightener was first evaluated 
reciprocally with a reference sound source (B&K type 4204) in the room, see Figure 3. The photo shows the case with 
the 45° angled tunnel, but tests were also made with the straight wind tunnel seen in Figure 2. Four control microphones 
were used. Two (#1&2) “inside the tunnel, one (#4) outside but “across” the tunnel and finally one (#3) with a free line 
of sight. Hence any effects on that microphone would be from changes in reflections in the room given by the tunnel. The 
tunnel was constructed step by step to evaluate the influence of the different components. First a  baseline measurement 
without any components, then with only the aluminium frame, next with only the honeycomb attached to the frame and 
finally adding also the plastic film. Due to practical reasons Microphone 1,2 &4 had to be moved and repositioned while 

Mic2 
Mic1 

Mic4 

Reference source 
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mounting the different stages of the tunnel. Hence there are also some uncertainties about the location of the microphones 
(say ±15 mm). 
 
The results for the 45° case can be seen in Figure 4.  To start with the results for microphone 3 are a good reference. 
Neither the source nor the microphone is moved and it has direct line of sight. Hence, as confirmed by the measurements, 
in a semi anechoic room small/negligible variations are expected regardless of the state of the tunnel. Larger, but still 
within engineering precision (~1 dB), deviations can be seen at the other three microphones. The differences do not show 
any clear trend (e.g. increasing with more components) but vary with complexity and is different in character even for the 
two microphones (#1&2) inside the tunnel. Although rudimentary and with possible sources of errors as the microphone 
replacement it is concluded that the material is acoustically transparent with engineering precision. In the actual 
measurements of different fans it is also easier to control the positions of the microphones. 
      

 
 

Figure 4. Deviation from baseline (=no components of the tunnel in place) for three different stages in constructing the tunnel. 
Aluminium frame only, frame + honeycomb and finally adding also the plastic film. 
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4 Results 

The test object is a  commercially available ring fan blade. It is mounted, via a shaft, to a large electrical motor placed in 
the outlet chamber. Measurements were taken without any tunnel (baseline) and with the two versions of the acoustic 
wind tunnel, the 0° and 45° angles respectively. For each case the fan performance curve (pressure rise vs. flow rate) is 
established. At all the points along the performance curve acoustic measurements are taken as well. 
 
Again we are interested in the difference to the baseline case. The change in pressure rise and Sound Pressure Level (SPL) 
vs volumetric flowrate is presented in Figure 5. On the left y-axis one find the change in pressure rise in per cent. It is 
negligible and within the measurement error. The higher values for the 0° tunnel at higher flow rates is due to measurement 
uncertainty, closing in on the free discharge point the actual pressure rise is so small any misreading have a large impact. 
This confirms that the pressure loss across the honeycomb is negligible. Further it indicates that this fan is insensitive to 
the angle of the inlet flow. Smoke visualization, see inlay in Figure 5, were performed and indeed showed that even with  
the angled inlet the flow profile just before the fan is straightened out. 
On the right y-axis the influence on the noise generation of the fan is displayed. For both cases the noise levels are reduced. 
Although the effect is small and arguably within the measurement accuracy of ~1 dB expected. But it was consistent and 
repeated when testing at other fan speeds. As seen already in the aerodynamic part the fan is insensitive to the inlet flow 
angle in the large duct used here. Rather the duct improves the inlet flow by preventing large scale vortex structures 
reaching the fan (as is the case in the baseline case).   
 

 
 
Figure 5. Change in pressure rise and Sound Pressure Level using the acoustic wind tunnels compared to the baseline case. The flow 

rate is normalized with the flow at free discharge (zero pressure rise) for each case. The insert is a smoke visualization of the inlet 
flow for the 45° case. 
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5 Summary 

The present work demonstrates that acoustically transparent wind tunnels can be constructed with very modest means. 
Using a thin plastic film (KIP 313) stretched over a simple aluminium frame with a honeycomb flow straightener, a  
bespoke test rig was assembled that is acoustically transparent with engineering precision — deviations from the free-
field reference were within approximately 1 dB across the measured frequency range. This makes the approach well 
suited for component-level fan noise testing, where preserving the acoustic environment of the measurement is 
essential, and for the validation of simulation models where well-defined but non-ideal inlet conditions are needed as 
boundary conditions. 
The measurements presented here should be regarded as a first, rudimentary validation of the principle. The plastic film 
used was mounted manually without tension control, which introduces some variability in the wall properties. For more 
controlled future implementations, shrink plastics or metal cloths — materials that remain inexpensive and 
straightforward to handle — would allow better control of the surface tension and flatness. This would be particularly 
valuable if one wishes to systematically characterise or optimise the acoustic transmission properties of the wall 
material as a  function of frequency or flow velocity. 
The particular fan tested proved to be rather insensitive to the type of inlet profile changes achieved in this study. Both 
fan performance and noise generation were largely unaffected by the angled inflow, with changes within measurement 
uncertainty. Smoke visualisation confirmed that while the wind tunnel delivered the intended angled mean flow at its 
inlet, the fan is sufficiently powerful to straighten the velocity profile over a short distance before the blade plane. This 
finding is in itself of practical interest, but it also points toward the natural next step: introducing flow guides inside the 
duct as well, in order to impose truly non-uniform inlet profiles — both spatially and temporally — closer to the fan 
face. Such configurations would more faithfully reproduce the complex installation conditions seen in vehicle 
applications, and would represent a  more demanding test of both fan robustness and the acoustically transparent wind 
tunnel concept. 
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