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SUMMARY 

This paper presents a comprehensive study on the CFD simulation of a radial fan with forward 
curved blades emphasizing on turbulence models and unstructured grids. Three of the most 
widely used turbulence models i.e. Realizable k-ε, SST k-ω and Spalart-Allmaras are validated 
with the available experimental results. The model performance comparison is based on the 
characteristic curves and the velocity fields obtained from each model. The other part of the 
study concentrates on the unstructured grids, addressing the influence of cell shapes on the 
accuracy of the results. The verification efforts in this part focus on predicting the characteristic 
curves. 

INTRODUCTION 

Radial fans with forward curved blades (also known as Sirocco fans or squirrel cage fans) are 
capable of delivering higher flow rates and also producing higher static pressure than other 
centrifugal fans of the same size and speed [1, 3]. Sirocco fans are mainly used in the automotive 
industry and in heating, ventilation and air conditioning (HVAC) applications. 

Due to the complexity of the flow in Sirocco fans and the wide range of their applications, they 
have been the subject of many research studies; each trying to gain a better understanding of the 
flow field, address and overcome the deficiencies of this type of fan. 

In the previous studies, the investigations of the flow field inside the Sirocco fans are conducted 
using different methods, such as five hole pressure probe [5], hot wire probe [6], Particle Tracking 
Velocimetry PTV [7, 8], Particle Image Velocimetry PIV [9], Laser Doppler Anemometry [10] and 
Spark Tracing Method [11]. The results achieved by these methods helped to gain insights into the 
characteristics of the flow in Sirocco fans. In addition to the experimental studies, Computational 
Fluid Dynamics CFD has been used by many researchers as an effective tool. The aim of these CFD 
simulations were mainly testing the reliability of the CFD codes through the comparison of 
numerical results against the experimental data [12, 13] and/or improving the performance of the 
fan through obtaining the optimized shape of the impeller blades [14] and volute [15], improving 
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slip factor models [16] and reducing the generated noise [17]. Structured grid and the k-ε turbulence 
model is a common combination that can be found in a series of the previous works (refer to [14, 
15, 16, 18]). However, the flow field comparisons are limited to the overview of the experimental 
data beside the captured CFD results.  

In this study, the role of cell shapes and the influence of the turbulence models are verified. The 
numerical data obtained from models are compared against the experimental results. Comparisons 
of the captured velocity fields are conducted precisely in 2D and 3D against the experimental data 
for different turbulence models. Moreover, for testing the accuracy of the steady state simulations 
and addressing their deficiency in the throttle range, unsteady simulations are performed, and the 
applicability range of each method is identified on the characteristic curve of the fan. 

Flow inside Sirocco fans 
The flow inside Sirocco fans can be referred to as fully 3D, turbulent and unsteady. The complexity 
of the flow stems from the fact that there are inevitable flow separation zones in the fan. Although 
some of the separation zones are relatively small, they are large enough to reduce the performance 
and decrease the efficiency. 

  
Figure 1 : Schematic performance curve of a Sirocco fan (left); Exploded view of the fan model (Right) 

One of the most considerable flow separations occurs in the blade passages, which makes the blades 
stalled even at the Best Efficiency Point BEP [1] (see Figure 2). An extensive flow recirculation 
zone can develop after the volute tongue (Figure 2). This separation zone is highly expected in the 
overload range.  

Another flow separation zone can also be formed near the cut-off (not shown), which makes a re-
entrant flow through the rotor [5]. This reverse flow is most prevalent in the throttle range and can 
be inhibited by modifying the design variables [31]. 

The next separation zone develops near the inlet nozzle. This flow separation leads to the formation 
of an inactive zone in the rotor that can grow up to one third of the rotor width [5]. The secondary 
flow pattern (or secondary vortex flow) [30], which develops within the volute and distorts the 
primary flow, is the consequence of the near inlet separation and the inactive zone [19] (Figure 3). 
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Figure 2: Flow separation between impeller blades and after the volute tongue in a Sirocco fan 

Due to the complexity of the flow, design calculations of Sirocco fans cannot be as accurate as for 
other types of fans; in fact there is a high level of uncertainty associated with the flow rate and 
pressure requirement for calculating the dimensions and obtaining a satisfactory prototype of this 
kind of fan. In this perspective CFD can be used as a design and analysis tool to improve the 
performance through providing detailed information about the characteristics of Sirocco fans. 

 
Figure 3: Illustration of the secondary flow in the scroll and the inactive zone near the inlet 

EXPERIMENTAL SETUP 

The fan under consideration is a Sirocco fan with 38 small forward curved blades and an outer 
diameter of 200 mm. It is mounted in a scroll-type casing that collects the flow and discharges it 
through a rectangular outlet (see Figure 1). 

The fan is installed on a chamber test rig in accordance with ISO 5801 / DIN 24163. The 
performance data such as pressure rise, shaft power and static efficiency are collected for a range of 
flow rates at the rotating speed of n = 1000 rpm. 
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Furthermore, Particle Image Velocimetry (PIV) technique is used to measure the velocity fields. 2D 
velocity fields are captured by means of one camera on a plane which consists of approximately 
13000 points, and 3D velocity fields are captured by two cameras on a smaller plane which consists 
of 6000 points (see Figure 4). These points are also used in the post-processing of the CFD 
simulations, to capture the velocity fields on the same grid as the experimental measurements. This 
results in an accurate point to point velocity field comparison between PIV and CFD. Further 
information about the experimental part of the study and PIV measurements can be found in [31]. 

Table 1 : Technical specifications of the Sirocco fan modeled in the study 

Parameter Dimension 

Fan wheel outer diameter | inner diameter | width 200 mm | 160 mm | 82 mm

Blade width × length × thickness 80 mm × 25 mm × 0.6 mm

Blade curvature 15 mm 

Inlet blade angle | Outlet blade angle ~ 80° | ~ 170° 

 

 

Rotor 

Number of blades 38 

Volute width 87 mm 

Volute opening angle | tongue angle 7° | 23° 

 

Stator 

Volute tongue radius 10 mm 

 

 
Figure 4: PIV planes, used for experimental measurements; velocity fields captured on plane 5 are used in this study  

NUMERICAL SETUP 

The numerical part of the study is performed using Star-CCM+, a commercially available CFD 
package [29]. The first part of the numerical simulations highlights the role of cell shapes in the 
accuracy of the results, with the second part addressing the performance of different turbulence 
models. 

Numerical simulations are performed in the steady-state mode by using Moving Reference Frame 
(MRF) approach (also called “frozen rotor” in some literatures). Applying MRF to a region will not 
change the position of the cell vertices, but generates a constant grid flux in the appropriate 
conservation equations. MRF can be used for an approximate analysis of a constant motion in 
steady-state mode, which leads to a solution representing the time-averaged behavior of the flow [2, 
29]. Apart from MRF simulations, part of this study is devoted to unsteady simulations using Rigid 
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Body Motion (RBM) approach. Applying RBM to a region will rigidly move the mesh vertices of a 
region. Despite the more accurate results that can be obtained from RBM, this approach is not 
favored for engineering purposes, due to the fact that movement of the mesh vertices makes this 
approach very time consuming, especially when the model contains numerous cells and vertices.  

CFD Simulations are carried out using a workstation equipped with an Intel Core i7 CPU (2.8 GHz) 
and 8 GB RAM. 

Mesh configurations 
Structured grid is the most widely used grid type in turbomachinery simulations. Despite all the 
advantages of structured grids, there is a critical disadvantage concerning their inflexibility to 
complex geometries. This imposes a large amount of effort to the mesh generation procedure and 
makes it very time consuming. On the other hand unstructured grid generators are capable of 
discretizing complex geometries with less effort and minimum user interaction. The collection of 
the cell shapes that are available for unstructured mesh generators provides a great flexibility in the 
treatment of any kind of geometry. Nevertheless, the lack of an explicit structure in the mesh 
necessitates a compensating data structure in the solver, which demands more powerful computing 
resources. The point mentioned is the prominent disadvantage of unstructured grids [2]. 

In order to evaluate the performance of the unstructured grids in the simulation of Sirocco fans, 
three unstructured grids are generated using Star-CCM+. Concerning the amount of cells, the goal 
is to create unstructured grids that are comparable to the structured grid used in this study. The 
structured grid is generated by means of the blocking approach of ANSYS ICEM. Sensitivity study 
on the structured grid showed that the grid independency can be achieved by a model which is 
consisted of about 4 million nodes (approximately 3.5 million cells) [9]. Furthermore, the mesh 
sensitivity study performed for unstructured grids showed that 60% refinement of a mesh with 
approximately 4 million cells, leads to only 1% change in the simulation reports (i.e. static pressure 
and torque). Therefore, unstructured grids are generated by using identical settings in the mesh 
generators. A high quality resolved mesh is provided by the mesh generators on the important 
boundaries e.g. averaged dimensionless wall distance y+ < 2 around the blades surface. 

Table 2 presents an overview of the mesh configurations employed in this study. According to this 
table, the efficiency of each model can also be distinguished. 

 
Figure 5 : Four mesh configurations used in this study; a) polyhedral cells b) trimmed hexahedral cells c) combination 

of polyhedral and trimmed cells d) structured hexahedral cells  
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Table 2 : Overview of the generated mesh configurations  

 Polyhedral Trimmer Polyhedral-Trimmer Structured 

Total 4.2 6.1 4.0 3.7 

Rotor 2.6 4.8 2.7 2.4 

Number 
of Cells 

(in millions) 
Stator 1.6 1.3 1.3 1.3 

Number of vertices | Faces 15.6 | 21.9 7.5 | 18.2 10.4 | 16.8 4.3 | 10.8 

Mesh generation time 1-2 hours 2-3 days 

Turbulence models 
In the interest of evaluating the performance of RANS turbulence models in the simulation of 
Sirocco fans and to investigate the sensitivity of these simulations to turbulence models, CFD 
simulations are performed by using three of the most popular turbulence models:  

The Spalart-Allmaras model [22] is the most widely used one-equation turbulence model, which is 
based on a transport equation for the turbulent viscosity. This is in contrast to many of the early 
one-equation models that solve an equation for the transport of turbulent kinetic energy and requires 
an algebraic prescription of a length scale [29]. One of the favorable features of the Spalart-
Allmaras is that it is a local model. It means that the equation at one point does not depend on the 
solution at other points [2]. In this study, the Spalart-Allmaras model is used in its standard form, 
which is designed to be applied without wall functions [29].  

Realizable k-ε [23] is a two-equation model, which is one of the most successful modifications of 
the k-ε model. This model contains a new transport equation for the turbulent dissipation rate. In 
comparison with the standard k-ε model, Realizable k-ε provides a more accurate prediction of the 
characteristics of rotational flows, boundary layers subjected to strong pressure gradients, separated 
flows and the streams in which developed secondary flows exist [24]. In this study, Realizable k-ε is 
used with the two layer method [25] that enables it to be applied in the viscous sublayer. In this 
approach the values of dissipation rate specified in the near-wall layer are blended smoothly with 
the values computed from solving the transport equation far from the wall [29]. 

The Shear-Stress-Transport SST k-ω model [21] is a two-equation model, which combines several 
desirable elements of other two equation models [26]. The first major feature of SST model is the 
blending function which enables it to switch the model coefficients [24, 26]. As a result, SST k-ω 
uses the standard k-ω model near the solid walls and standard k-ε model near boundary layer edges 
and in free shear layers [29]. The next feature is the modification of the eddy viscosity function to 
improve the prediction of flows with strong adverse pressure gradients and flow separation [26, 27]. 
Unlike the standard model, SST model is not sensitive to the free stream and inlet conditions [29]. 

The turbulence models are used with the all-y+ wall treatment in this study. This is a hybrid 
treatment that attempts to emulate the high-y+ wall treatment for coarse meshes and low-y+ wall 
treatment for fine meshes [29]. 

RESULTS AND DISCUSSION 

In order to increase the accuracy of the results and investigate the interaction between the fan blades 
and volute tongue, simulations are performed for different rotor positions, so that after each 
simulation, the fan wheel is manually rotated for 1°, and the simulation is repeated for the new 
position of the fan. The averaged results are calculated after 9° rotation of the fan, which is 
approximately equal to the angular distance between two adjacent blades. Comparison of the 
simulation results showed that there is a negligible difference of 0.5% between the result of one 
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rotor position and the averaged results of 9 rotor positions. Therefore, it can be concluded that the 
simulation results (e.g. pressure rise, power etc.) are independent of the position of the blades. 
Hence the steady simulations are performed for one rotor position in this study.  

Characteristic curves obtained from CFD simulations of different grids are shown in Figures 6 and 
7. The simulations are performed in steady mode, using SST k-ω turbulence model. As shown 
below, the obtained results correctly follow the trend of the experimental data. Especially in the 
overload-range, where the performance of the fan is stable, there is good agreement between CFD 
and experimental results.  

 
Figure 6: Comparison of the characteristic curves obtained by different grids 

According to Figure 6, results obtained by the polyhedral mesh model have the least amount of 
deviation from the experimental results (approximately 5% in static pressure and torque at BEP). 

   
Figure 7: Static efficiency vs. Flow rate obtained by different grids; Altogether, the most accurate results are obtained 

by Polyhedral mesh 

For all turbulence models, torque convergence starts after 100 iterations, whereas the convergence 
of the pressure monitor starts after 300 iterations. It is necessary to continue the simulations up to 
1000 iterations to get fully converged velocity fields. However, there is a high level of uncertainty 
associated with the convergence in a part of the throttle range (flow rates less than 300 m³/h). 
Concerning the solver elapsed time, the simulation time of poly-trimmer model is almost equal to 
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the structured model and approximately 20% faster than polyhedral model, whereas trimmed mesh 
is 6% slower than polyhedral model.  

According to the characteristic curves obtained by performing CFD simulations using polyhedral 
mesh with different turbulence models (Figures 8 and 9), it is apparent that all turbulence models 
predict the trend of the experimental data and the peak pressure point correctly. However SST k-ω 
results are in better agreement with experimental data. There are negligible differences between the 
torque results obtained from different turbulence models; In fact the curves are superimposed at 
most of the flow rates.  

 
Figure 8: Comparison of characteristic curves obtained by different turbulence models; the most accurate results are 

obtained from SST k-ω model 

 

Figure 9: Static efficiency vs. Flow rate predicted by different turbulence models 

The simulation with Spalart-Allmaras model is 10% faster than the other two turbulence models. 
The difference between Realizable k-ε and SST k-ω is negligible in this comparison. For all 
turbulence models, torque convergence starts after 100 iterations, whereas the pressure convergence 
starts after 200 iterations. However, it is necessary to continue the simulations up to 1000 iterations 
to get converged velocity fields. 

Figure 10 represents the PIV captured velocity fields at the Best Efficiency Point (i.e. flow rate of 
450 m³/h and n = 1000 rpm). The results belong to the last PIV plane (plane number 5 in Figure 4). 
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Figure 10: 2D (Left) and 3D (Right) velocity fields captured by PIV measurements at BEP (450 m³/h) 

Figure 11 illustrates the absolute difference of the velocity fields captured for different turbulence 
models. According to this figure, the models which have the least deviation from the experimental 
characteristic curves have more accurate velocity fields.  

 

 Figure 11: Absolute velocity field differences between PIV and CFD for different turbulence models; 2D comparisons 
on the left and 3D velocity field comparisons on the right 

In Figure 11 there are mainly two parts where discrepancies between PIV and CFD results can be 
found. The first part includes the boarders of the plane used for the PIV measurements, which are 
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close to either the volute or the fan-wheel. In these areas, due to the reflection of the laser lights, it 
is not possible to reliably capture PIV data. The next part is the area downstream of the volute 
tongue, in which - besides the experimental uncertainties - steady-state results might be the source 
of discrepancies. This claim is based on the comparisons of the steady (MRF) and unsteady (RBM) 
results in Figure 14. 

Figure 12 represents a comparison between the MRF (steady) and RBM (unsteady) characteristic 
curves obtained by employing SST k-ω and polyhedral models. 

 
Figure 12: Characteristic curves obtained by MRF (steady) and RBM (unsteady) simulations 

Apparently RBM method is able to predict the trend of the experimental curve for the whole 
operating range of the flow rates, unlike the MRF method which cannot predict the trend of the 
experimental curve in the throttle range. Although the deviation of MRF results are well within 
10%, more accurate results can be obtained by performing unsteady simulations (RBM approach). 

The results reported as the final unsteady results are the averaged results of the two last revolutions 
of the fan, from where the monitor curves were fully converged (see Figure 13). It took 
approximately 30 hours to simulate one complete revolution of the fan (with 10 inner iterations and 
1.5° rotation per time-step). For obtaining converged velocity fields, it is necessary to continue the 
simulations for at least five revolutions. Whereas, it took only 8 hours to achieve converged results 
(for each operating point) by using MRF method. 

 
Figure 13 : Inlet pressure monitor curve obtained from unsteady simulation at BEP; The averaged value reported as 
the final result is calculated from the time step where the monitor curve starts to converge (time step=0,18 s to 0,3 s) 
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Considering the velocity field comparisons made between CFD and PIV results (Figure 14), a better 
agreement between the unsteady velocity fields and PIV results can be verified. Especially in the 
area downstream of the volute tongue (as already mentioned as one of the incompatible areas) more 
accurate results are obtained by unsteady simulations. Nevertheless it is apparent that there is a 
good similarity between the MRF and RBM results in most parts. 

 
Figure 14: Absolute velocity field comparisons of steady (Left) and unsteady (Right) simulations with PIV data  

CONCLUSIONS 

Based on the validation studies, it can be concluded that unstructured grids can be used effectively 
for the CFD simulation of Sirocco fans, and a considerable amount of mesh generation time can be 
saved by using them. Among the mesh configurations investigated in this study, results obtained 
from polyhedral model have the least deviation from the experimental curves. 

According to the characteristic curves and velocity fields obtained by different turbulence models, it 
is concluded that SST k-ω is the best model that can be used for the simulation of Sirocco fans. The 
correlation between the CFD predictions using MRF approach and the experimental results is close 
enough to support the use of this approach as a tool for simulating Sirocco fans. However, for 
obtaining more accurate results in the throttle range, it is recommended to perform unsteady 
simulations by using RBM approach. 
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