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ABSTRACT 

In this paper, effect of geometric parameters of a centrifugal fan with backward- and forward-curved blades has 

been investigated. Centrifugal fans are used for enhancing the heat dissipation from the IC engine surfaces. In the 

process, the fan consumes power generated from the engine.  As a first step, an experimental setup was developed 

and prototypes of fans were made to carry out measurements of flow and power consumed by the fan. The fan 

mounting setup was such that fan with uniform blades can be tested. Generally, fans have cut blades on the vehicle 

due to mounting accessories. We describe a patented design of shaft that would enable mounting of fan with uniform 

blades on the vehicle. Next, a computational fluid dynamics (CFD) model was developed for the above setup and the 

results are validated with the experimental measurement. Further, parametric studies were carried out to quantify 

the power coefficient, flow coefficient, efficiency and flow coefficients.  The parameters considered in this study are 

number of blades, outlet angle and diameter ratio. The results suggest that fan with different blades would show 

same performance under high-pressure coefficient. However, the difference between the performances becomes 

distinct under low pressure coefficients suggesting that the fan performance testing should not be done on vehicle 

level where high pressure coefficients is observed due to various resistances in the system. The results show that 

increase in flow coefficient is accompanied by decrease in efficiency and increase in power coefficient. Effect on the 

vehicles mileage due to the use of forward and backward fan is also discussed. In summary, this study presents a 

systematic and reliable strategy to investigate the centrifugal fan performance in automotive applications. 
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1. INTRODUCTION 

   Centrifugal fans are widely used in various fields of engineering [1-6]. In automotive industries, fans are 

used for cooling internal combustion engines [7, 8]. With increasing demands of high performance engines, 

cooling requirements have also increased proportionately to keep the engine metal temperatures within the 

desirable limits. Using an optimized fan for engine heat dissipation is critical to the overall engine 

performance [9, 10]. The fan derives its energy from the power generated by the engine. The fan has to 

overcome high system resistances when used in the vehicle level testing. 

NOMENCLATURE & ABBREVIATION 

A   Inlet area, mm
2
 

P   Pressure, pa 

pt   Total pressure difference , pa 

Q   Volume flow rate, m
3
/s 

Nb  Number of fan blades  

Φ0  Blade Outlet angle 

ΦI  Blade Outlet angle 

r0  Outer radius of the fan, mm 

ri  Outer radius of the fan, mm 

dr  Diameter ratio 

k  Turbulence kinetic energy, m
2
/s

2 
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u  Mean velocity, m/s 

T  Fan torque  

v  Velocity, m/s 

ru
�

 Relative velocity, m/s 

α   Inlet angle, degrees 

β  Outlet angle, degrees 

φ  Volute angle, degrees 

δ  Kronecker delta 

ε   Dissipation rate, m
2
/s

3
  

ρ  Density, kg/m
3 

τ   Shear stress, N/m
2
 

µ  Dynamic viscosity of air, kg/m-s 

RPM        Revolution per minute 

CAD        Computer aided design 

CFD        Computational fluid dynamics 

Definitions 
Flow coefficient   

 

Pressure coefficient  

  

Efficiency  

  

Power coefficient 

 

 

Figure 1 (a). Backward curved blade fan showing how blades are cut due to mounting accessories (b) line 

diagram depicting fan parameters. 

 

In automotive industry, one way to test the fan performance for engine temperature reduction is to 

directly mount the fan on the engine cooling system [11, 12]. Engine is then run at desired speed for a 

specific time. Temperatures of various engine components are measured till the steady state is reached 

[13, 14]. However, this method has various disadvantages. First, since the system resistance is high, fan 

with various design configurations cannot be evaluated properly. Second, it is a time consuming process. 

Third, it requires the whole engine cooling system to be in place. Hence, under such conditions, effect of 

different fan parameters like number of blades, diameter ratio, outlet angles etc. cannot be evaluated 

properly. In this paper we show that true performance of a fan cannot emerge if tested in a high resistance 
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system.  Fourth, fan design as per drawing specifications and fan design that is used in testing is generally 

different. Reason being that screws and washers are used to mount the fan on engine. Few blades of fan 

are cut (see Fig. 1a) to accommodate these mounting accessories.   However, blades are uniform as per 

design specification. Cut blades effects fan performance when compared to uniform blades.  In the 

experimental setup described here, blades remain uniform due to the innovative mounting system (a 

patent has been filed). Results are compared that are obtained from the parametric study in experiments 

and CFD simulations with uniform blades.  

One concern in automotive industries is the power consumption and efficiency of forward and backward 

curved blade fans. It is generally reported that forward curved fan have low efficiency and consumes 

more power generated by the engine [15, 16]. Hence, dilemma exists for the kind of fan to be used for the 

given specifications of the engine. In this paper we have quantified the efficiency and power consumption 

by these fans and tested on the engine for change in vehicles mileage.  It was observed that even with 

42% higher power consumption and 4.5% low efficiency of the forward curved fan, drop in mileage was 

insignificant.  

Further, the number of fan blades needed for a given engine cooling system cannot be determined 

theoretically and it can be found only experimentally [17]. Hence, there is a need for a study that provides 

the quantitative effect of blades on power coefficients, flow coefficients, pressure coefficient and 

efficiency [18].   In this paper we present an experimental setup and a CFD model to study a centrifugal 

fan. Effect of various fan parameters is investigated at various operating conditions.  

The paper is organized as follows: we describe the experimental setup and measurement method in 

section 2. CFD model and validation of results with the experiments are reported in section 3. Results and 

discussions are presented in section 4 followed by conclusions in section 5.  

2. EXPERIMENTAL SETUP  

In this section, we briefly describe the design of volute, casing, shaft and fan design. Main purpose of this 

experimental setup was three fold: a less resistance fan test setup, a shaft design that enables mounting of 

uniform blade length of the fan, and precise measurement of fan power consumption. These factors will 

enable us to perform one-to-one validation of the CFD model and to conduct further parametric 

investigation of fan performance.  

2.1. Volute and casing design 

The centrifugal fan is surrounding by a volute, which along with the sidewalls form a part of the casing. 

The volute along with cowling used in the vehicle has a very complex design with high resistance owing 

to the vehicle and engine design [13]. Hence, it is very difficult to test the fan in the actual engine cooling 

system. The volute profile of a fan mainly depends upon its outlet diameter and angle of absolute velocity 

with the peripheral direction [17]. The profile of volute is given by, 

0tan

0

αϕ
err =                         (1) 

Here r denotes the radius of the volute at an angle φ, r0 is the outer radius that is equal to 66 mm in this 

case. αααα0 is the angle that absolute velocity vector makes with the peripheral direction. Outer radius was 

kept same for all fan design. We have taken an average outlet angle αααα of 30°.  For better performance 

measurement of fan and to reduce losses due to re-circulation, the clearance between the casing and fan 

was kept 5mm. 
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Figure 2(a). CAD model for the experimental setup (b) mounting shaft for fan and (c) fan. 

 

Fig. 2(a) shows the casing design made of sheet metal of 2 mm thickness. On the back wall where 

bearing is required to be placed in the fan shaft, a thickness of 4 mm was provided for system stability 

reasons. Clearance between the casing and the fan from the sidewall = 7mm. This clearance was given in 

order to accommodate the shaft required to transmit the drive from the fiction test rig to the fan.  

A bell shaped inlet duct of radius 2 mm is provided in order to reduce losses at the entry of the fan. Width 

of casing = 49 mm. A ball bearing with specification N6000 was used to mount the fan shaft on the 

casing. The ball bearing was press fit into the casing on the back wall. The shaft that transmits drive has 

one end fixed to the friction test rig coupling and the bearing supports the other end in order to prevent 

the bending of the shaft. 

The heights of the two plates mounted at the bottom of the casing are such that the axis of fan and friction 

rig coincides. This is very critical for accurately measuring the power consumed by the fan.  The plate 

was bolted to the friction rig test bed. This provides rigid supports for the casing even at high rpm when 

the vibrations in the system are very high.  
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2.2.  Shaft and fan design 

The design of shaft and fan is shown in Fig. 2(b,c).  The end of the shaft, which connects to the test rig 

coupling, is made smaller in diameter compared to the shaft portion, which accommodates ball bearing 

due to stability reasons. Three protrusions are provided on the shaft, which accommodates the fan. This 

restricts the fan from the rotational motion. The longest part of the shaft goes inside the fan center and 

screwed at the end. This restricts the axial motion of the fan. The innovative part of this shaft is that it 

maintains the uniform length of the blades. This shaft serves the purpose of engine crankshaft. In engine 

assembly, the crankshaft holds the magneto, which in turn holds the fan. This design of the shaft has been 

patented. In prior art, fan is mounted on the magneto with screws, spring washers and other accessories. 

This results in cutting of the few blades (Fig. 1a), which affects fan performance. Following are the 

dimensions of the shaft:  shaft length that goes into the friction rig  = 50 mm, diameter at the bearing = 10 

mm, length= 100 mm, shaft diameter at the fan = 6 mm and length= 150 mm, pitch circle diameter of the 

protrusions = 60 mm, diameter of protrusions = 7.9 mm, length = 8 mm.  Hole diameter of the fan that 

accommodates protrusion: 8.1 mm. The casing and shaft was made in-house whereas fan was procured 

from supplier as per our design specifications. 

                           

Figure 3. Developed experimental setup for fan testing. The numbers in the figure denotes: (1) volute 

casing, (2) fan (3) tube connected from volute outlet to the U-tube manometer, (4) low friction torque 

measurement machine (5) RPM control switch, (6) torque value displayer unit (7) optical sensor to 

measure rpm (8) digital meter for rpm display. 

 

2.3.  Measurement method 

Fig. 3 show the experimental setup mounted on the low friction test rig. Different equipment used to 

measure fan rpm, fan torque and static pressure is shown. The rpm of the test rig can be varied from 0 to 

8,500.  During the first test at high rpm of about 6000, the few fan blades were observed to have 

developed cracks at the root. Due to components safety concerns fan data was measured up to 5000 rpm 
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only.  An LCD display on top of the test rig displays the torque values. The least count of rpm measuring 

instrument was 1 rpm and that of friction test rig was 0.001 Nm for torque measurement. The maximum 

possible torques that could be measured is 0.1 Nm and maximum misalignment of the shaft from the axis 

can be 0.1 mm. The design of the casing, shaft fan are such that these two limits were not exceeded.  

Velocity at the outlet of the duct was measured with a vane type wind velocity meter. The meter gives 

average velocity at the cross-section. Advanced measurement techniques can be found in refs [19-21]. 

Moment generated by the fan is an indication of power consumption by the fan. Fan moment was 

measured in the following way. The friction rig was run at different rpm with fan in the casing. Moment 

was measured at specific rpm. Moment was measured again at the same specified rpm while decreasing 

the rpm. This establishes the repeatability of the measured data. After this, the fan alone was removed 

from the setup and the same measurement method was repeated. The difference between the two 

measurements (with and without fan) at a particular rpm gives the moment of the fan. In CFD simulation, 

moment was calculated from the contribution of pressure and shear forces acting on the fan surfaces. 

Table 2 shows the comparison and method of calculating torque values. Flow data are non-

dimensionalized as described in the definitions [22]. 

3.  THE CFD MODEL  

3.1.  Theoretical background 

Interested readers can skip this section and go to results and discussion section. CFD model used in 

industrial applications has now become standard and main purpose of this section is to provide a theoretical 

connection between the experiments and numerical simulation.  We briefly describe the moving reference 

frame along the conservation equations that are solved numerically to obtain the turbulent flow field in the 

rotating fan system. The geometrical model is same as described earlier in the experimental setup.  For 

incompressible flow the governing continuity and momentum equations Reynolds averaged Navier-stokes 

equations (RANS) has following form,   
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where ρ is the density, µ is the dynamic viscosity, U(U,V,W) is the velocity in x,y and z direction, p is 

the pressure, primes denote fluctuating components. The additional term, uiuj in the momentum equation. 

is called  Reynolds stress tensor.              

The system of equations has more unknown variables than equations to solve and is therefore not closed. 

The Boussinesq hypothesis relates the Reynolds stress to the mean flow velocity gradients and can be 

expressed as in equation (4) 

k
x

u

x

u
uu ij

j

i

j

i

ji ρδµρ
3

2'' −














∂

∂
+

∂

∂
=−                                                                                                        (4)              

where δij is the kronecker delta and k the turbulent kinetic energy, which is defined as 
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2

1
iiuuk =                                                                                                                                                  (5) 

ε
ρµ µ

2k
Ct =                                                                                                                                              (6) 

For the computations performed in this paper, the realizable k-ε turbulence model was used. In the k-ε 

model the turbulent viscosity (µt) was achieved by solving two transport equations, one for the turbulent 

kinetic energy (k) and one for the turbulent dissipation rate (ε) (equations not shown). 

 

Figure 4. (a) Surface mesh and (b) Volume mesh generated in Star CCM +. 

 

 3.2. Moving reference frame model 

The steady state approximation in moving reference frame (MRF) model, allows individual cell zones to 

rotate or translate with different speeds. MRF model is used as fan is the rotating member. This is 

achieved by dividing the domain into separate zones where the flow is solved in stationary or rotating 

coordinate systems. 

To transform the fluid velocities form stationary to rotating frames,  

rv

vuu

r

rr
���

���

×=

−=

ω
                                                                                                             (7) 

where ru
�

 is the velocity relative to the rotating frame, u
�

 is the absolute velocity and rv
�

is whirl velocity 

(due to moving frame). ω
�

is angular velocity and r
�

is the position vector to the rotating frame. 

Solving the equations of motion in the rotating reference frame results in additional terms in the 

momentum equation,  
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                                                                                                                        (8) 
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         where τ is the viscous stress.  

The coriolis and centripetal accelerations are included in the momentum equation with the term     

( u
��

×ω ). These equations are solved using commercially available Star CCM+ software.                                                  

                                  

          Figure 5. Validation of the numerical model with experimental results. 

    

3.3. Mesh and boundary conditions 

The physical configuration and computational domain of the fan and volute is depicted in Fig. 4. In all 

the simulation the volute casing was the same and only the fan design was changed. The geometry 

cleaning and surface meshing was carried out in HyperMesh, a commercially available software. 

Polyhedral volume mesh for the domain was generated in Star CCM+. 

The mesh sizes for the fan and volute casing was about 5 lakhs cells. This was arrived after the grid 

independence study with mesh size varying from 1 to 7 lakh cells. In the rotary fan region, fine mesh was 

generated and care was taken such that the value of wall y+ does not exceed 15. For validation we choose 

two fans with 12  (fan 1) and 18 blades (fan 2) and results are compared with experiments. Other details 

are given in table 1.  Stagnation inlet, pressure outlet, and rpm of the fan was given as boundary 

conditions in order to replicate the physical model (see Fig. 3) in the numerical model.  Angle definition 

is shown in Fig. 1(b). We have used typical values of fan parameters used in the automotive industries.       
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Table 1. Configuration of fans used in experiments. Dimensions are in mm. 

 No. of blades Inlet angle Outlet angle ID of fan OD of fan 

Thickness of 

blade 

 

Fan 1 12 68 44 90 132 1.6 

Fan 2 18 52 44 90 132 1.6 

             

               

                                      Figure 6. Validation of numerical model for momentum of the fan. 

3.4. Validation of the numerical model 

Fig. 5 shows the comparison of outlet velocities obtained from experiments and the CFD model. As 

expected the flow velocity increase with increasing rpm. CFD results are in good agreement with test 

results for both the fan 1 and fan 2. The maximum error between the CFD model and the physical model 

is approximately 3%, which is within the acceptable limit. It is to be noticed that error increases as speed 

increases. Torque (or moment) required to rotate the fan at a given speed is also compared with 

experimental and CFD results. Table 2 shows the moment of the fan from experiments and CFD 

simulation. Moment due to fan in an important factor for automotive industries where power 

consumption due to fan is a great concern. In the competitive market, automobile industries are under 

pressure to improve vehicles mileage with minimum losses in the engine cooling system. Further, 
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understanding of fan power consumption is important for optimization [23, 24]. As described earlier, 

moment due to fan was measured by measuring moments with and without fan and then subtracting it. 

Fig. 6 shows the comparison between the experimental data and CFD results. The results show that fan 

consumes more power at higher speeds. Two points are noted here: First, results compares well between 

experiment and CFD at lower speeds. Second, the results show the tendency of divergence at higher 

speeds. The mismatch of the results at higher speeds may be due to the increase in frictional resistance of 

the mounting plate and fan, the torsional vibration loads exerted on the shaft at higher rotational speeds.  

                

Figure 7. Performance characteristics comparison fan 1 (12 blades) and fan 2 (22 blades) at 4000 rpm. 

Table 2. Momentum table for combined fan with mounting plate and mounting plate alone. 

Speed 

(RPM) 

Without fans 

(experiment, 

Nm×103) 

With fan 1 

(experiment, 

Nm×103 ) 

Fan 1 

(experiment, 

Nm×103 ) 

Fan 1 

(Simulation, 

Nm×103 ) 

With fan 2 

(experiment, 

Nm×103 ) 

Fan 2 

(experiment, 

Nm×103 ) 

Fan 2 

(Simulation, 

Nm×103 ) 

           (A)          (B)     (A) - (B)          (C)    (A) – (C)  

2000 22 34 12      11.98 39 17 15.60 

2500 25 44 17 18.49 50 25 24.19 

3000 27 54 27  26.56 61 34 34.75 

3500 31 64 33 36.00 74 43 47.00 

4000 38 78 40 4700 91 53 61.00 
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For further simulations we have used the same numerical model for other fan designs. It is to be noticed 

that close agreement between the simulations and experimental results was possible due to the simplicity 

of the experimental setup and CFD model.  

                              

Figure 8. (a) Fan design from 12 to 22 blades, (b) performance characteristics for 12 to 22 blades and (c ) 

relative velocity field for 12 and 22 blades. 
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4.  RESULTS AND DISCUSSION 

We pointed out in introduction that fan performance testing should not be done at the vehicle level.  We 

provide a quantitative explanation for this. Fig. 7 shows the variation of pressure coefficient, efficiency 

and power coefficient as a function of flow coefficient for fan 1 (12 blades) and fan 2 (18 blades). A low 

flow coefficient represents high resistance system (similar to the actual engine cooling system) and vice-

versa. Few interesting observations are made: (a) As the flow coefficient increases the difference between 

the pressure coefficient of 12 and 18 blades increases and opposite happens when flow coefficient 

decreases. E.g. at lowest flow coefficient pressure coefficient of fan 2 is only 12% higher than fan 1. 

However at highest flow coefficient the difference is 30%, (b) Fan efficiency and power coefficient 

shows similar trends, (c) In the same limit of flow coefficients, efficiency varies from 1.75% to 8.0% and, 

(d) power coefficient varies between 9% to 34%. To an experimental engineer it means that if they 

evaluate the fan performance in the actual system they will be able to see only 12%, 1.75% and 9% 

difference in performance with 12 and 18 blades fan.  Hence, a true picture of fan performance may not 

emerge and fan parameter selection like number of blades would not be optimum. It is important to know 

the actual flow coefficient as it is used to calculate heat transfer coefficient for engine thermal loads. Data 

used from the actual engine system can over predict the thermal loads requirements. In the next section 

we present the effect of various fan parameters on performance.                                

4.1. Effect of number of blades, Nb  

According to Bruno [17] the number of blades in fan cannot be determined theoretically. However, it is 

time consuming and costly to determine Nb experimentally as it requires large number of prototypes of 

fan to be made. CFD has become an important tool to investigate such kind of problems. The 

performance characteristics of the backward curved fans for  Nb = 12, 14, 16, 18, 20 and 22 blades is 

shown in Fig. 8 from the CFD model.  Other fan parameters were kept constant. The main purpose this 

discussion is to provide information about the percentage change in fan performance due to fan blades 

alone. From 12 blades to 22 blades, the gain in pressure coefficient, efficiency and flow coefficient is 4%, 

5% and 10.6% respectively. It is to be noted that from 12 to 22 blades, mass of the fan blades has 

increases about 80% whereas the performance has not improved proportionally. The improvement in the 

performance from 12 to 22 blades can be understood from the relative velocity field shown in Fig. 8(c). 

The relative velocity in the blade passage becomes more uniform due to proper guidance as Nb increases 

and hence wakes regions decreases. This could reduce noise generated due to wake formation [25-29].   

Formation of wake region is one of the major contributors to the fan losses [30,31].  Further increase in 

Nb would deteriorate the fan performance and boundary layer effects may become dominant.   

4.2.   Effect of outlet angle 

The effect of outlet angle on performance characteristics of fan is presented in Fig. 9.  The present study 

was carried out for outlet angle (Φo) of 34°, 44° and 54° to visualize the effect of outlet angle. Φo = Φo = 

90
0
 represents a radial blade fan.  One simulation was also performed with forward curve fan with outlet 

angle of −20
0
 in the opposite direction (Fig.  9a (IV)). It is noticed from the figure that wake region 

increases as outlet angle increases and forward curved blades shows more re-circulation zones. This is 

undesirable as it may increase wideband sound power level [32, 26, 29]. These re-circulation zones 

results in transient pressure fluctuation [33-34] resulting noise generation [35-36].  However, flow 

coefficient is high for forward curved fan (Fig. 9b), which comes at the expense of high power 

coefficient. From Fig. 9(b), for 21% increase in flow coefficient from Φo = 34° to   Φo = -20°, increase in 

power coefficient is 42%. On the other hand, efficiency decreased by 4.5%. It means that increase in fan 

flow rate is accompanied by high power consumption and decrease in fan efficiency. 
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Figure 9. (a) Formation of re-circulation zones for different outlet angles of 34°, 44°, 54° and forward 

curved blade (-200), (b) fan characteristics at these angles at 4000 rpm. 

 
Increase in power consumption is always a concern for automotive industries as it can reduce engine 

performance in terms of mileage. This forward and the backward curved fan were tested on a scooter 

engine at various speeds. It was observed that temperature reduction of the engine surfaces were more 

with forward curved fan. Further, the vehicle was run on the test track to find out any significant 

reduction in the vehicle’s mileage due to forward and backward fan. Each fan was tested on four different 

vehicles to mitigate the variability from vehicles to vehicles. It was observed the component durability 

was higher with forward fan. Further, difference in mileage (in terms of km/liter of petrol consumed) was 

within 2%, which is less than the error in measurement itself. Hence, it is suggested that forward curved 
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fan should be used wherever temperature related problems occur in the engine especially in high 

displacement engines without worrying about the high power consumption and its low efficiency. 

However, increase in flow coefficient could lead to undesirable noise generation [37-40], which should 

be looked upon before implementation. Several studies have been done [41-47] to control the noise 

generated 

 

          

Figure 10. Performance curves for diameter ratios 0.38, 0.5, and 0.69 at 4000 rpm. 

by the fan. Other parameters like blade shape [48-50] and inlet angle [51] also affects fan performance, 

which needs to be investigated further.  
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4.3. Effect of diameter ratio  

The diameter ratio, dr  (ratio of inner blade tip length by outer blade tip length from the center) is yet 

another important parameter that affects the fan performance. Larger the dr smaller is the blade length 

(see Fig. 10a). The present analysis was carried out for different dr, by varying inner diameter and 

keeping outer diameter constant. Fig. 10(b) shows the effect of three dr (0.38, 0.50 and 0. 69). The 

efficiency of the fan increases and then decreases as dr increases. Highest efficiency was observed for dr 

= 0.50 even though flow, pressure and power coefficient shows a decreasing trend.  

5.  CONCLUSIONS  

In this paper, investigations on the effect of centrifugal fan parameters on performance has been 

presented thorough experiments and CFD simulations has been presented. Test results show that forward 

curved fan with higher mass flow rates has negligible effect on the vehicle’s mileage (fuel consumption) 

when compared with backward fan with lower flow rates. Following are major conclusions we draw from 

the present investigations:  

1. Increase in the number of blades increases the flow coefficient accompanied by increase in power 

coefficient. However, difference in the performance (efficiency, flow and power coefficient) tends to 

decrease at higher pressure coefficient. Hence, it is concluded that fan performance measurement 

under high pressure coefficient would not provide the true measure of the fan characteristics.  Under 

high pressure coefficient all fan behave similarly. 

2. Increase in the number of blades increases the flow coefficient and efficiency due to better flow 

guidance and reduced losses. 

3. In the range of parameters considered, forward curved blades have 4.5% lower efficiency with 21% 

higher mass flow rates and 42% higher power consumption compared to backward curved fan. 

Experimental investigations suggest that engine temperature drop is significant with forward curved 

blade fan with insignificant effect on mileage. Hence, use of forward fan is recommended on the 

vehicles where cooling requirements are high.  

4. The efficiency of the fan first increases and then decreases with diameter ratio. The best efficiency of 

the fan was observed to be at diameter ratio of 0.5.  
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