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Abstract

The cooling system, comprising heat exchangers and cooling fans, is essential for maintaining
the power performance and acceptable operational conditions of a vehicle. However, running
of the cooling fan produces unwanted noise, which often becomes dominant sound produced
by the vehicle. To model the noise generated by turbulent flow and heat transfer around
cooling fan blades, an appropriate flow model is essential. This study employs the compress-
ible Navier-Stokes equations with an restricted relation between temperature and density for
efficient handling of non-homogeneous temperature fields, combined with Delayed Detached
Eddy Simulation (DDES) for advanced turbulence modeling. For the aeroacoustic analysis, a
hybrid aeroacoustic approach is adopted, utilizing the Acoustic Perturbation Equation (APE)
to model acoustic generation and propagation. The main aim of this study is to model the flow
and the acoustic problem in the consistent way for the considered simple test case of heated
cylinder walls in cross-flow. As most prior investigations focused only on isothermal conditions
the model considered in this study presents an important generalization. A part of the problem
is to select an efficient numerical software capable to treat temperature non-homogeneities in
the flow and the aeroacoustic solver while being prepared for a possible future industrial ap-
plication. The obtained results for varying thermal conditions show the significant sensitivity
of produced sound pressure levels.

Keywords: Turbulent flows, Computational Fluid Dynamics, Computational Aero-Acoustics,
heat transfer.

1 Introduction

The engine bay and its cooling system are essential components of any vehicle, including internal
combustion engine (ICE) vehicles as well as battery electric vehicles (BEV). The generated heat
needs to be transported to cooling pack consisting of heat exchangers and a cooling fan and
dissipated to the surrounding air what produces unwanted noise. In many cases the cooling fan
is the primary source of vehicle operation noise, see [1], however in all cases the radiated sound
needs to meet strict safety standards, see [9].

The described mechanism of sound generated by a turbulent fluid flow around blades of cooling
fan and transporting heat requires to consider an appropriate flow model with a suitably chosen
turbulent model capable to deal with heat transport and to describe sound generation in a con-
sistent way. In industry applications the further difficulties appear due to complex geometry of
the whole cooling pack. Nevertheless here we restrict ourself to set up an appropriate flow and
acoustic model within a simple geometry and to choose an efficient numerical solver, which can be
used for future design optimization of cooling fan.

The fully compressible Navier-Stokes equations is definitely a suitable model for the purpose of
addressing non-homogeneous temperature field, however, their numerical realization in the most
general form even for the considered low Mach number regime is very demanding, see [11], and it
leads us to search for acceptable simplifications. For the theoretical analysis of such a problem, we
refer to [5]. A promising simplification is to neglect direct density dependence on pressure in the
ideal gas law.
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Moreover, numerical analysis can be found in [4]. Furthermore, the delayed detached eddy
simulation (DDES) is here chosen as an advanced turbulence model, [13]. Its advantage is the
ability to provide accurate predictions of turbulent flows while remaining computationally efficient.
In particular, the RANS model is used in regions near solid boundaries, where fine resolution is
essential but computational costs can be prohibitive, and the improved (delayed) transition to the
LES model is applied in outer regions, capturing the flow in greater detail. Due to its computational
benefits and better ability to capture flow separation, it became an industrial standard; see [12].

The current state-of-the-art computational aeroacoustics (CAA) uses hybrid approaches that
separate flow and acoustic descriptions, [12, 10, 15]. Its advantage is to approximate directly the
acoustic pressure, which usually has a tiny magnitude compared to the overall pressure involved
in the flow dynamics; a possibility to use problem-specific solvers as well as to utilize meshes that
meet various requirements. The fluid mesh primarily needs to have well resolved boundary layers
where the acoustic mesh can be more sparse but on the other hand the acoustic simulation is
usually performed in a larger domain, [10].

The acoustic perturbation equation (APE) is here preferred for the aeroacoustic analysis besides
other options like Lighthill’s analogy (LH), Ffowcs-Williams and Hawkings’ (FWH) formulation or
the Kirchhoff method, [10]. It is based on a careful splitting of flow quantities on the acoustic and
non-acoustic components and its advantage is the model of acoustic sources in the form of time
derivative of incompressible pressure component, see [3], as it requires less storage space and the
numerical approximation of time derivative is usually less prone to introduce unwanted numerical
noise compared to the LH, [10].

Many studies have explored the aeroacoustics of the cooling fan, some of them including heat
exchangers, however these investigations have been conducted almost exclusively under isothermal
conditions, see CAA benchmark of axial fan [12] and similar works [18, 15, 1]. Strong connections
between heat and flow interactions in the cooling fan and heat exchanger configuration were demon-
strated in e.g. [16]. Thus in this paper we will try to address this missing gap and to investigate
the influence of the heated cylinders in cross-flow on the produced sound pressure levels.

The paper is organized as follows: The second section provides a mathematical description of
the fluid flow and the aeroacoustic problem. The third section presents the details of the numerical
setup and acoustic results for three different temperatures of heated cylinder walls. Finally, the
conclusion summarizes the obtained results and outlines future perspectives.

2 Mathematical model

In the following, we briefly describe the mathematical model that will be considered in our analysis.

Fluid dynamic model The fluid dynamic model consists of the compressible Navier-Stokes
equations describing a heat conducting perfect gas:

p+V - (o) =0 1)
O(pu)+ V- (pu@u)=-Vp+V-1 ; (2)
O(puh) +V - (puh) =0p+u-Vp+7-Vu+V-(aVh) . (3)

Here, p = p(z,t),p = p(x,t) and u = u(x,t) are the density, pressure and the velocity of the fluid,
respectively, functions of the space x and time ¢. The enthalpy h = ¢,T'(x,t), with T' temperature
of the fluid, R perfect gas constant, ¢, specific heat capacity at constant pressure and « thermal
diffusivity, these last two assumed constant due to small changes with the temperature.

From the numerical simulation perspective, being the Mach number low, the density differences
are small compared to the background reference density. Consequently, the fluid behavior near
the incompressible fluid limit allows decoupling density from pressure dependence. Instead, it only
depends on the temperature and the reference pressure, namely
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Further, the quantity 7 represents the viscous stress tensor given by the following relation
2

T=2u(T)D - gH(T)(V cu)l with D= % (Vu+ (Vu)")

and the dynamic viscosity u given by the Sutherland’s law

5(% B (TT)/ (51 5 )

where the reference temperature Ty = 273K and the Sutherland constant S = 110K (see e.g. [6]).

Acoustic model The acoustic model is derived in the framework of the acoustic/viscous splitting
approach (see e.g. Kaltenbacher [10] and references therein). The idea is that the flow field
quantities are split into averaged and fluctuating part. A suitable model for our purposes comes
from the proposal of Ewert and Schroder [3] in which the authors derived an acoustic system based
on the following decomposition

w=a+u +ul  p=p+p,  p=p+/ (5)

in which the fluctuation contains both the incompressible and compressible part. Here, (ic) stands
for incompressible and index (a) for the (irrotational) acoustic component. The pressure fluctuation
p = o and p' = pli® + p(@  The quantity ¢ = \/yRT is the speed of sound, function of the
temperature, with v adiabatic constant. The quantity T+« is solenoidal and the overbar means
a space-time averaging. The model derived in [3] reads as follows !:

/ vl o7 - (V) — (a) 7 - @) ﬁ —
O’ + div(o'w + gu'¥) =0, ou'” +V(u-u'")+V ; =0,
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where ¢ = \/yRT and, for low-Mach number flows, sound sources coming from vortical pertur-
bations, temperature and entropy fluctuations could be neglected. Now, substituting the last
equation into the first, we have

L ; (a)
S0P +p") + div(eT+ou) =0, oulV + V(@ TW)+V (pQ ) ~ 0.

Due to the fact that the convective velocity has usually a negligible effect in low-Mach number
flows, another simplification of the above model consists in assuming w = 0, obtaining
A (p +pl)) + g Adiv(u) =0, o + Vp = 0.

Now, applying (9;) to the first equation and (¢2V:) to the second equation and subtract the two
resulting equations, we end up with our acoustic model

1 1 ;
ggattp(a) — Apl) = —ggattp(w)~ (6)

The above equation is usually termed aero-acoustic wave equation (see Kaltenbacher [10]) with
&gtp(”) as a source term.

3 Aeroacoustic simulation

The fluid dynamics and aeroacoustic models described in the previous section were applied to a
simplified test case designed to illustrate the important role of temperature-dependent air density
and viscosity in aeroacoustic results. This test case geometry mimics a heat exchanger, a commonly
encountered heat source in cooling systems.

'n [3], the continuity and the momentum equations are expressed in terms of the enthalpy and the velocity of
the fluid as primary variables with the help of the thermodynamic relation (Vp/p) = Vh —TVs, with T and s being
temperature and entropy of the fluid, respectively. This formulation, however does not consider an equation for the
enthalpy, is consistent with our fluid dynamics model.
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Flow setup. The geometry of the test case comprises a box-shaped tunnel with two perpendic-
ular pipes, as shown in Figure 1 with all dimensions and a detailed description of the setup. Heat
is introduced into the considered system via Dirichlet boundary conditions applied to the pipe sur-
faces, prescribing here constant temperatures. Three different thermal conditions are investigated:
the pipe surfaces heated to 20°C, 100°C and 500°C. The thermal conductivity of air and the specific
heat capacity are prescribed as constant values: a = 0.025W/(m - K) and ¢, = 1005J/(kg - K),
respectively. The following boundary conditions are considered for this test:

e at the inlet is prescribed velocity of 10 m/s and constant temperature 20°C,
e the tunnel walls are modelled with no-slip Dirichlet boundary condition,
e at the outlet the pressure is fixed at 0 Pa together with a zero-gradient velocity condition.

The Reynolds number defined with the help of the inlet velocity and the reference length equal to
the diameter of the pipe is approximately 13,000 and the Mach number is 0.03. These conditions
justify the assumption of a negligible average flow velocity w, whose low magnitude relative to the
speed of sound should not significantly impact the propagation of aeroacoustic waves. However,
average flow velocity could have an effect, for example, in scenarios involving rotating geometries,
such as cooling fans; nevertheless, this study focuses exclusively on the temperature effect, and the
effects of average flow velocity are here neglected.

The mathematical model is numerically simulated in the commercial software Siemens Star-
CCM+ (v19.06-008). The software employs the so-called incompressible ideal gas model to account
for temperature-dependent density variations — see Eq. (4) and also [13], accompanied here by a
reference pressure of 101,325 Pa. The applied turbulence model is Spalart-Allmaras Improved
Delayed Detached Eddy Simulation (SA-IDDES) using a segregated solver, consistent with the
methodology outlined in [12], where they achieved good agreement with experimental measurement.

The computational mesh is depicted in Figure 2, consisting of approximately 3.3 million cells.
Ten prism layers are included to achieve a maximum y+ value of 0.6, ensuring accurate resolution
of the viscous boundary layer without relying on wall functions. The base cell size of 2 mm,
consistent with [12], is sufficient to resolve the airflow and acoustic fields, given the relatively low
vortex shedding frequency compared to typical fan flows.
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Figure 1: The geometry of the test case domain.

Acoustic setup. The aeroacoustic simulation is based on the model described by equation (6),
with fully reflective boundary conditions applied to all tunnel and cylinders walls, while non-
reflecting boundary conditions are used at the inlet and outlet [13]. The computational mesh used
for aeroacoustics is identical to the one used for the flow simulation as shown in Figure 2.
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The speed of sound ¢ is calculated with the help of the spatially and temporally averaged
temperature T as ¢ = \/yRT. Here, v = 1.4 represents adiabatic index of atmospheric air
(diatomic gas) and R denotes the specific gas constant with a value of R = 287.05J/(kgK). The
time step of 107 s is used and the simulation duration is 1.1 s, where the first 0.1 s of the simulation
is excluded from the aeroacoustic analysis. Five virtual probe microphones, numbered 1 to 5 along
the z-axis - see Fig. 1, are used to capture time-dependent acoustic pressure.

(a) Computational mesh used for fluid flow simulation.

(b) Detail of the mesh in the region between two pipes.

Figure 2: Visualization of the computational mesh: (a) overall mesh and (b) detailed view.

Results of numerical simulation. Results for velocity magnitude and temperature at the final
time step are presented in Figure 3, while the density variations along a central line from the inlet to
the outlet are shown in Figure 4. These density variations, computed using the incompressible ideal
gas model, influence airflow and subsequently the characteristics of aeroacoustic sources. Further,
the averaged speed of sound does not vary significantly with increasing temperature, see Table 1.
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Figure 3: Velocity magnitude (left) and temperature field (right) shown for the cut in plane
y = 0.05m at the final time step. The results for 7" = 20°C, 100°C and 500°C are in the top, the
middle and the bottom row, respectively.

On the other hand, the impact of temperature on the acoustic pressure documented by sound
pressure levels (SPL) at five microphone positions is summarized in Table 1. It demonstrates quite
significant SPL variations across different thermal conditions, which could be expected as variation
of the density is quite large as shown in the Figure 4. Also recent research [8] has achieved a noise
reduction of several dB, while maintaining the same input parameters of the flow field.

The frequency spectra of acoustic pressure monitored at microphone probes and presented
as 1/3-octave sound pressure levels are shown in Figure 5. A peak near 160 Hz corresponds to
the vortex shedding frequency, which aligns reasonably well with the theoretical frequency for a
cylindrical body, calculated using Strouhal number of 0.214, see [2], [7]. Notably, the reduced fluid
density due to higher temperatures leads to a decrease in the amplitude of this peak.
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Figure 4: The density variations along the central line y = z = 0.05m for varying thermal condi-
tions. The plot interrupts correspond with the location of pipes.

Overall SPL [dB]

Microphone | 20°C  100°C  500°C
1 127.5 116.7 1114
2 127.4 116.5 111.2
3 127.0 116.2 110.9
4 126.5 115.6 110.3
5 125.6 114.8 109.5
Averaged speed of sound [m/s]
c | 343.25 343.51 344.53

Table 1: Overall SPL in [dB] calculated at microphone positions together with calculated averaged
speed of sound for different thermal conditions.

4 Conclusions and future perspectives

It can be observed from the data in Table 1 that imposed heat in the system leads to a reduction
of the overall sound pressure level (SPL) with increasing temperature. The largest difference
is obtained for Microphone 1, where the SPL decreases from 127.5 dB at 20°C to 111.4 dB at
500°C, which corresponds to a reduction of approximately 12.6%. Similarly, the SPL at 100°C for
Microphone 1 is 116.7 dB, indicating a reduction of around 8.5% compared to the 20°C condition. In
particular, the detailed view at resulting acoustic spectrum shows a clear reduction of the dominant
peak at 160 Hz with increasing temperature. The results of the test case highlight the important
influence of the temperature field on aeroacoustic sources through temperature-dependent material
properties, namely viscosity and density. The influence has the order of magnitude of several
decibels, comparable to the levels considered in optimization studies of cooling fans [9] or entire
vehicle cooling pack systems [8, 14], thus significant.

However, it is important to note that the test case presented in this paper is a simplified repre-
sentation, where the vortex shedding frequency plays a dominant role. Therefore, the sensitivity to
temperature effects should be further investigated within a complete vehicle system to ensure prac-
tical applicability and accuracy. We believe that its variance could be still non-neglibile, especially
for vehicle heat exchangers with substantial volumes of heated air (introducing large temperature
gradients) and it should be further investigated.

Hence a potential future direction is to incorporate these dependencies into simulations involv-
ing real vehicle geometries with a cooling fan, taking into account the heat generated by heat
exchangers, as e.g. suggested in the PhD thesis [17]. Additionally, the assumption of a negligible
mean flow velocity w = 0 may no longer be valid when considering the presence of a cooling fan
with rotating geometry. This requires further refinement of the model to accurately capture the
flow dynamics and acoustic interactions.
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shown in graphs a)-e). The detail of low-frequency spectrum is presented in the graph f).

The 1/3-octave frequency spectra of SPL monitored at different microphone probes
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