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SUMMARY 

The design of ventilation systems, with increasing complexity, is based on simulation 

methodologies involving CFD and CAA methods. Design strategies based on simulations 

including a complete geometrical description of each component are computationally expensive. 

Affordable design tool-chains need to replace single system components, such as rotors, with 

simplified computational approaches. In this contribution, the benefit of modelling fan blades by 

means of line-distributed sources is investigated, based on a previous work in which a fast and 

physical-principles based rotor noise model was presented. A simplified analysis on the effect of 

non-uniform inflow and out-flow conditions on an axial fan will be presented. 

INTRODUCTION 

The requirements for system size minimal efficiency constraints are guiding the design of complex 

fan systems to be progressively based on simulation methodologies, such as Computational Fluid 

Dynamics (CFD) for aerodynamic optimization, and Computational Aeroacoustics (CAA) for low-

noise designs. Most systems configurations include multiple interacting fans and dampers, with the 

effect of introducing significant non-uniformities in fan inflow and out-flow conditions. This raises 

a reliability challenge for predicting the fan impact in a given system. CFD prediction methods 

relying on Unsteady Reynolds-Averaged Navier-Stokes (URANS) solvers are able to reproduce the 

non-uniformities caused by unsteady flow phenomena for a single configuration, and CAA methods 

based on URANS solutions can describe the corresponding acoustic sources and sound propagation 

[1]. 
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The disadvantage of these strategies is the required full geometrical description of each fan, leading 

to an excessive increase of the overall computational cost for the complete CFD and CAA fans’ 

system prediction. In order to realize computationally feasible design tool-chains, single 

components would need to be replaced by simplified computational approaches. Popular simplified 

CFD simulation methodologies consist of either a fan modelling strategy specifying a discontinuity 

of static pressure, or a more elaborated approach that introduces additional body forces in the 

momentum equations, to describe the momentum exchange between blades and fluid [2]. Methods 

based on a prescribed static pressure discontinuity, known as Pressure Jump Methods, need 

knowledge of the relation between fan’s pressure and volume characteristic. The value of the 

pressure jump is usually determined from the average velocity through the fan annular area, which 

constitutes a limitation of this approach since local flow conditions at the fan are neglected. An 

application of this method can be found in [2]. The method that introduces body forces in the 

momentum equations is derived from Actuator Disc (AD) theories, and requires knowledge of the 

lift and drag coefficients characteristics at different spanwise fan blade sections. Applications of this 

approach can be found in [2] and [3]. As for simplified CAA methodologies, modelling strategies 

for sound propagation have been introduced based on uniform flow assumptions, or inviscid 

background flow solutions. Established CAA methods were derived to describe the interaction of 

acoustic, vortical, and entropic small amplitude unsteady disturbances and were successfully used 

for rotor-stator interaction noise prediction. Among these successful methodologies are the 

solutions proposed by Tyler and Sofrin [4], Hanson [5], Atassi and coworkers [6], and Peake and 

coworkers [7]. A comprehensive overview on CAA challenges for fan noise prediction methods, 

including simplified approaches, was presented by Envia [8]. Motivated by the absence of a 

simplified sound propagation method accounting for viscous-flow-related non-uniformities in tonal 

fan noise prediction, in this work a simplified approach is presented, based on recent developments 

included in [9]. The fast and physical-principles based rotor noise model relies on rotating point and 

line-distributed sources in combination with suitable adapted perturbation equations derived from 

the Linearised Euler Equations (LEE) under isentropic assumptions. The system of equations 

consists of the Acoustic Perturbation Equations (APE) as main acoustic governing equations, and a 

newly defined Vortical Convection Equation (VCE) as main hydrodynamic governing equation. 

The equations’ system is formulated robustly to be able to tackle simplified as well as more 

complex realistic configurations. The model was applied in a CAA framework in the time domain, 

and implemented in the unstructured quadrature-free experimental Discontinuous Galerkin (DG) 

CAA solver DISCO++ of DLR. The proposed approach of combining the APE+VCE system of 

equations and the rotor noise model can be applied to generic non-uniform inflow conditions by 

relying on CFD RANS AD data that provide the background mean flow solution for the APE+VCE 

perturbation equations. An analysis on the effect of non-uniform inflow and out-flow conditions on 

the resulting sound field will be presented, based on simplified testcases to highlight the model 

capabilities of robustly predicting sound propagation for fan noise under highly distorted flow 

conditions. 

ROTOR NOISE MODEL  

The rotor noise model is based on the approach introduced in [9], in which the rotor sources are 

modelled as three-dimensionally Gaussian regularised line-distributed input forces, rotating 

uniformly around the rotor axis. The line-distributed source values can be directly specified from 

BEMT input data, or indirectly from AD RANS solutions. The latter option allows to solve for the 

perturbed variables on a background flow solution that includes the aerodynamic effect of a fan. 

The rotor load values obtained from the RANS solver are required to be prescribed on a two-

dimensional circular surface, as exemplified in Fig. 1. To define the appropriate source distributions 

from the AD RANS solution, the line sources are defined on the computational grid based on a local 

cylindrical coordinate system centered at the rotor hub being modelled.  
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The line-distributed sources can be defined as straight or piecewise linear curves, at an initial 

location 𝑿𝒊𝒏𝒊𝒕 = (rinit , φinit , xinit )T and with an initial strength at each radial location on the lines 

which reads as 𝑤 = 1/Nblade . If the rotor being modelled consists of multiple blades Nblade, the 

initial location of each line-distributed source is determined assuming an equi-spaced 

circumferential offset 2π/Nblade applied to φinit. Fig. 2 shows the geometrical quantities of 

interest. The preliminary defined line-distributed sources are then regularised with a two step-

procedure, based on the consideration that for straight or piecewise linear curves the radial 

preliminary source strength value is already known. In the first step the value at a given radial grid 

location rGrid is obtained by linear interpolation of the initial strength value in the range [𝑟𝑖, 𝑟𝑖+1], 

resulting in 𝒇𝑰𝒏𝒕𝒆𝒓𝒑 = (fInterp,r , fInterp,φ , fInterp,x)
T
. The interpolation performed in the first step 

reduces the necessary dimensions over which regularising is required, so that in the second step the 

regularisation of the preliminary line sources is obtained by convolution of 𝒇𝑰𝒏𝒕𝒆𝒓𝒑 with the 

Gaussian kernel K(φSrc , xSrc, φGrid , xGrid), defined as: 

   K(φSrc , xSrc, φGrid , xGrid) = (
ln(2)

𝜋
)

1

𝜖2 exp (
− ln(2)𝑑𝐿𝑖𝑛𝑒𝑆𝑟𝑐

2

𝜖2 )/erf (𝜋√ln(2) 𝑟𝑆𝑟𝑐)   (1) 

in which 

 𝑑 = √𝑟𝑆𝑟𝑐
2 (φSrc − φGrid)2 + (xSrc − xGrid)2     (2) 

is the distance measured on a cylindrical surface defined at a radius 𝑟𝑆𝑟𝑐, where φSrc is the line 

source azimuthal location, φGrid the grid point azimuthal coordinate, xSrc the line source axial 

location, and xGrid the grid point axial coordinate. The variable 𝜖 represents the half-width at half-

maximum of the Gaussian kernel. The Gaussian kernel K(φSrc , xSrc, φGrid , xGrid) is derived from a 

2D Gaussian Kernel independent of the 𝑟 coordinate, and averaged with an integration over the 

circumference, so that the resulting projected source, if integrated over the computational domain, 

would correspond to a unitary strength value. The error function term erf appearing at the 

denominator of K(φSrc , xSrc, φGrid , xGrid) results from the integration, and for a given radius 𝑟𝑆𝑟𝑐 

represents a constant scale factor. Fig. 4, Fig. 5, and Fig. 6 show a possible definition of line sources 

from a given rotor blades geometry, and its corresponding line source regularisation with the 

procedure described. The regularised source values obtained from Eq. (1) are described as the sum 

of a steady mean and a fluctuating component, where only the fluctuating component is of interest 

for the system of perturbation equations considered. Hence, the perturbed regularised force values 

are calculated as 𝑺´ = 𝑺 − 𝑺𝒎𝒆𝒂𝒏, where the mean value 𝑺𝒎𝒆𝒂𝒏 is computed as the average source 

value over a rotor revolution, which in the case of constant rotational speed can be alternatively 

expressed as a spatial integral over a ring of given radius.  

Figure 1: Example of AD RANS solution Figure 2: Rotor cylindrical coordinate system for a line-

distributed source 
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After the regularisation of the preliminary sources of constant strength w, the related fluctuating 

sources’ values 𝑺´ are convoluted with the load values on the AD surface, which is obtained through 

a Lagrangian high-order interpolator at a given radial and azimuthal coordinate on the circular 

surface. Fig. 6 illustrates a possible line source distribution definition. The result of the convolution 

is in the end scaled by the local circumference for a given radius, and assigned to the appropriate 

point of the DG discretization. The described procedure ensures that the integrated line-distributed 

sources values correspond to the original load values on the AD surface, and it is applied at each 

time dependent source location identified by the circumferential coordinate φtime, updated 

according to the sources’ revolutions per second n prescribed in input. 

APE+VCE SYSTEM OF EQUATIONS 

The fluctuating source values are prescribed to the APE+VCE system of perturbation equations 

which was introduced in [9], and reads as: 

𝑑𝑝′

𝑑𝑡
+ 𝑐0

2∇ ∙ (𝒖𝟎

𝑝′

𝑐0
2 + 𝜌0𝒖𝒂) = −𝑐0

2∇ ∙ (𝜌0𝒖𝒓) + 𝑐0
2�̇�′ 

𝑑𝒖𝒂

𝑑𝑡
+ ∇(𝒖𝒂 ∙ 𝒖𝟎) + ∇ (

p′

ρ0
) = 𝟎 

𝑑(𝜌0𝒖𝒓)

𝑑𝑡
+ ∇ ∙ (𝜌0𝒖𝟎𝒖𝒓) + 𝜌0(𝒖𝒓 ∙ ∇)𝒖𝟎 = −𝜌0𝝎𝟎 × 𝒖𝒂 + 𝒇′ 

Where 𝜌, 𝒖, 𝑝, and 𝑡 are the density, velocity, pressure, and time, respectively, with subscript 0 

indicating mean flow quantities and primed symbols indicating perturbation quantities. Both the 

speed of sound 𝑐0 and the vorticity vector 𝝎𝟎 are computed from the mean flow. 𝒖𝒂 describes the 

potential (acoustic) component of the perturbed velocity of the LEE, while 𝒖𝒓 is the non-acoustic 

Figure 3: Original rotor blades to be modelled Figure 4: Line sources of constant strength  w, defined from 

the original rotor blades 

Figure 5: Regularisation of line sources 

of strength  w 
Figure 6: Rotor sources from convolution of interpolated 

AD sources (Fig. 1) with the line-distributed sources of 

strength  w (Fig. 5) 
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component of the LEE velocity, which includes the solenoidal field of the LEE. �̇�´ represents air 

displacement type of sources, and 𝒇´ externally prescribed fluctuating forces of the LEE.  

TEST CASES 

The test cases identified include an axial fan inside a cylindrical duct, with the presence of obstacles 

upstream and downstream of the duct, represented by rectangular boxes. Both CFD and CAA 

simulations were performed on the domain described in Fig. 7 and Fig. 8, where all the relevant 

dimensions are provided in terms of the duct diameter 𝐷. A 3D view of the configuration with an 

obstacle placed upstream of the duct is shown in Fig. 9, for a better understanding.  

 

 

 

 

 

 

 

 

Together with the configuration in which no boxes upstream and downstream of the duct are 

present, three different heights of the obstacle placed upstream of the duct were considered, to 

verify the capabilities of the CAA method in predicting the sound response due to increasing partial 

blockage of the inflow. In addition to the upstream obstruction, the influence of an obstacle placed 

downstream of the duct was investigated for three increasing distances from the duct exit, to 

examine the differences in sound propagation due to non-uniform out-flow conditions. In all the test 

cases simulated, the AD was centered at the origin of the coordinate system of the computational 

grid. The fan considered in the test cases is the B-Fan described in [3], where the necessary 

geometrical data is provided. In Fig. 10 the stagger angle and the chord distribution are provided as 

a function of the different blade sections. Fig. 11 and Fig. 12 show the lift and drag coefficient 

characteristics obtained for 9 sections along the blade, by performing 2D CFD simulations with 

angles of attack in the range [−20°, 20°] and a freestream flow velocity of  10𝑚/𝑠, corresponding 

to the velocity value realized at the inlet of the duct in the test cases considered. The CFD solver 

used for the 2D as well as the subsequent 3D simulations is the DLR TAU code [10]. The 3D CFD 

RANS AD simulations of the test cases represented in Fig. 7 and Fig. 8 are based on the model 

presented in [11]. The computational grids generated for the CFD simulation are hybrid, including 

hexahedra in regions where viscous flow effects are to be captured, and pyramids and tetrahedra for 

regions away from viscous walls. 

 

Figure 7: Computational domain for both CFD and CAA 

simulations, x-y view. 
Figure 8: Computational domain for both CFD and CAA 

simulations, x-z view. 

Figure 9: Close-Up view of the duct geometry, for obstacle 

with 𝐋𝐎𝐁𝐒,𝐔𝐏𝐒 = 𝟏.𝟎𝟒𝑫 
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Casing, hub and obstacle surfaces are assigned a turbulent viscous wall boundary condition, and the 

AD surfaces the related boundary condition. Remaining surfaces are assigned to a farfield boundary 

condition, including also surfaces connected with the casing, in order to avoid unwanted flow 

redirection due to the presence of viscous walls. The turbulence model selected in both 2D airfoil 

and 3D test cases simulations is the SST model [12]. Tab. 1 includes the relevant input parameters 

of the CFD simulations. 

              Table 1: RANS simulations input data 

Input Parameter Value 

Duct Diameter D 1.542 m 

Duct Length LDUCT,DWS  0.3D 

Mass Flow Rate �̇� 22.86 kg/s 

Free-stream velocity 

direction 

(1,0,0) 

 

             Table 2: CAA simulations input data 

Input Parameter Value 

n 12.5 s−1 

Fan Blade Length R  0.771 m 

Farf. Tetra Cell Size Δ𝑥𝐹𝑎𝑟 0.864 

Refin. Tetra Cell Size Δ𝑥𝑅𝑒𝑓 0.0864 

Number of Time Steps 400 000 

Time Step Size 0.0005 

 

 

Figure 11: Lift coefficient characteristic 

for the selected blade sections 
Figure 12: Drag coefficient characteristic 

for the selected blade sections 

Figure 10: Chord and stagger angle 

distributions for a single blade. 
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The computational grid of the CAA simulations includes a cylindrical refinement region to 

appropriately resolve the propagating tip vortices. The rotating straight line sources are defined in 

the y-z plane centered at the origin of the coordinate system, corresponding to the AD location of 

the CFD simulations. No AD surface definition is required for CAA simulations. In the farfield, the 

size of the tetrahedral cells is specified to resolve the first five harmonics, and in the refinement 

region it is reduced to 1/10 of the farfield tetrahedral edge length. A ratio of 𝜖/Δ𝑥𝑅𝑒𝑓 = 2 was 

selected for the Gaussian regularized sources. The casing, hub and obstacles’ surfaces are assigned 

a wall boundary condition, while all the remaining boundaries are assigned a boundary condition of 

the non-reflecting type, with the same formulation as described in [9]. Approximately five complete 

revolutions of the line source are simulated. Tab. 2 summarises the simulation input parameters. 

The results obtained from the RANS simulation are analyzed for a representative case for which a 

noticeable flow non-uniformity is introduced, which corresponds to the configuration of the 

obstacle placed upstream of the duct, with a length of LOBS,UPS = 1.04𝐷 in the y direction. A 

comparison of load values on the AD surface of the LOBS,UPS = 1.04𝐷 obstacle configuration and 

the configuration without obstacles is shown in Fig. 13, Fig. 14, Fig. 15, Fig. 16. It can be seen as 

the non-uniformities introduced by the presence of the upstream obstacle reflect on both the 

resulting axial and azimuthal load distribution, which show the effect of a local flow recirculation 

on both lateral sides of the AD surface, with a local increase in loads on the left side. This non-

uniformity is introduced due to the presence of the obstacle along the y-axis. 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Azimuthal load distribution on the AD 

surface, for the configuration without obstacles. 
Figure 13: Axial load distribution on the AD 

surface, for the configuration without obstacles. 

Figure 15: Axial load distribution on the AD 

surface, for the configuration 𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 1.04𝐷. 
Figure 16: Azimuthal load distribution on the AD 

surface, for the configuration 𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 1.04𝐷 
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The RANS solution is shown in Fig. 17 in terms of velocity magnitude contours. Flow separation is 

present at the duct entrance, which, as seen previously, influences the AD loads at the outer radial 

locations. The wake of the obstacle is seen not to influence the hub region considerably, while flow 

separation at the hub is responsible for the non-uniform loads seen in the previous AD surface 

solutions. The acoustic response generated from the interaction of the rotor noise sources with the 

disturbed flow is presented in Fig. 18, where the contours of the fluctuating pressure are shown. In 

correspondence of the duct exit, a considerable amount of scattered vorticity is present, originating 

from the interaction of the tip vortices with the duct casing. Strong fluctuations are seen in the wake 

of the obstacle and at the hub region, which are probably attributable to unresolved features in 

regions where flow separation occurs in the RANS solution. These features were not resolved in the 

CAA simulations to reduce the computational effort. Outside the duct, mainly a regular sound 

pattern can be identified. To investigate the different acoustic response due to the different 

configurations considered, initially the sound power levels were estimated for each test case.  

A hemispherical surface of radius 1.5D was defined centered at both the inlet and outlet of the duct. 

The sound power levels were computed as: 

LW = 10𝑙𝑜𝑔 (
P

10−12
) ,   𝑃 =  ∮𝑰 ∙ 𝒏

𝐴

𝑑𝐴 

with the time averaged sound intensity calculated with: 

𝑰 = (𝒖𝒂 +
𝑝′

𝜌0𝑐0
2 𝒖𝟎)(𝑝′ + 𝜌0𝒖𝟎 ∙ 𝒖𝒂) 

Tab. 3 and Tab.4 include the results for all the configurations. At the inlet of the duct the sound 

power levels are considerably less than the values at the outlet, and this can probably be attributed 

to the excessive pressure fluctuations due to the scattered vorticity exiting the duct. In addition to 

the sound power levels estimation, the results obtained from the CAA simulations are presented in 

terms of Sound Pressure Level (SPL), displaying the 1st, 2nd, and 3rd harmonic of the fluctuating 

pressure signals. For the configurations with obstacles of different heights placed at the inlet of the 

duct, the pressure signals were captured on the x-y coordinate plane at a distance of 2R from the 

inlet of the duct, whereas the configurations with obstacles placed at different distances from the 

duct outlet were investigated on the x-z coordinate plane at a distance of 2R from the outlet. Fig. 19 

shows the results for the different heights in the y direction of the obstacles placed upstream of the 

duct. It can be seen that the presence of the obstacle of height  
𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 1.04𝐷 modifies the directivity pattern of the 1st harmonic with decreased SPLs in the 

regions [135°, 180°[ and ]180°, 225°], and produces the highest SPLs for higher harmonics. 

Figure 17: RANS solution, contour plot of velocity 

magnitude for the configuration with 𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 1.04𝐷. 

Figure 18: CAA solution, contour plot of p′ for the 

configuration with 𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 1.04𝐷. 
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Table 3: 𝐿𝑊 for obstacles at duct inlet                                        Table 4: 𝐿𝑊 for obstacles at duct outlet 

                                     

 

The other configurations investigated do not modify considerably the 1st and 2nd harmonics, 

whereas they increase clearly the SPLs for the 3rd harmonics. The configurations where the 

obstacle was placed downstream of the duct exit are presented in Fig. 20. The 1st harmonic shows a 

modification of the directivity pattern for the 𝑑𝑂𝐵𝑆,𝐷𝑊𝑆 = 0.15𝐷 case in the range [-30°,90°], which 

could be due to a combination of interference and diffraction for the obstacle considered. Higher 

harmonics show a general increase in levels for all the configurations investigated, with the case  
𝑑𝑂𝐵𝑆,𝐷𝑊𝑆 = 0.3𝐷 producing the highest SPLs. In all the harmonics highlighted it is visible a sharp 

increase in levels in the range [-30°, -90°] due to the scattered convected vortical structures, which 

have been identified as the main cause for the sound power levels increase at the outlet of the duct. 

 

 

 

 

 

 

 

CONCLUSIONS 

In this work the application of a non-empiric rotor noise model for simplified fan installation 

configurations was presented. Test cases including highly non-uniform flow conditions were 

considered and the evaluated results showed the capabilities of the approach developed in 

predicting qualitatively the sound response from the configurations analyzed. As a future 

development, a more detailed validation will be conducted, comparing the prediction capabilities of 

the model with measured acoustic data. 

Configuration 𝐋𝐖 Inlet 𝐋𝐖 Outlet 

No obstacles 34.2 dB 58.9 dB 

𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 0.3𝐷  33.8 dB 59.3 dB 

𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 0.7𝐷 35.4 dB 61.4 dB 

𝐿𝑂𝐵𝑆,𝑈𝑃𝑆 = 1.04𝐷 36.9 dB 59.6 dB 

Configuration 𝐋𝐖 Inlet 𝐋𝐖 Outlet 

No obstacles 34.2 dB 58.9 dB 

𝑑𝑂𝐵𝑆,𝐷𝑊𝑆 = 0.15𝐷  36.1 dB 60.7 dB 

𝑑𝑂𝐵𝑆,𝐷𝑊𝑆 = 0.3𝐷 36.5 dB 60.7 dB 

𝑑𝑂𝐵𝑆,𝐷𝑊𝑆 = 0.45𝐷 37.3 dB 59.8 dB 

Figure 19: SPL (dB) comparison of the 1st, 2nd and 3rd harmonics, for obstacles placed at duct inlet 

Figure 20: SPL (dB) comparison of the 1st, 2nd and 3rd harmonics, for obstacles placed at duct outlet 
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