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ABSTRACT 
The counter-rotation solution is preferred to increase the power and flow rates of fans. 

The aims of the present work are to experimentally and numerically characterize the 
aerodynamic performance of a counter-rotating fan (CRF) and investigate the effects of some 
design parameters such as the variable stagger angle and inter-distance. The baseline axial 
fan was modified by adding a rear rotor, a spherical nose and a tail fairing, thus a higher 
pressure rise is obtained from the conversion of a large part of swirl flow into a static 
pressure. The results reveal the effects of stagger angle and axial inter-distance on the 
improved aerodynamic performance and show the best setting parameters. Besides, the 
counter-rotation seems reducing the aerodynamic loading of both rotors and allowing 
working at a stable static pressure rise over a wide range of air flow rate. 
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NOMENCLATURE 
Roman letters 
c chord [m] 
CP pressure coefficient 
d inter-distance [m] 
N rotational speed [rpm] 
P power [W] 
P pressure [Pa] 
P pressure rise [Pa] 
Qv flow rate [m3/s] 
Re Reynolds number 
T torque [m.N] 
V  forward speed [m/s] 

Greek letters 
 efficiency 
 angular speed [rps] 

 

 dynamic viscosity [kg/m.s] 
 density [kg/m3] 
ξ stagger angle [deg] 

Subscripts 
s 
shaft 
t 
t-s 
t-t 

static 
net power  
total 
total-to-static 
total-to-total 

Acronyms 
CRF 
FR 
RR 
SRF 

counter-rotating fan 
front rotor 
rear rotor   
single-rotating fan 

 

INTRODUCTION 
The adoption of the solution of counter-rotation has opened a way towards designing high 

performance turbomachines for various applications. The main reasons are the improvement of 
pressure rise and efficiency by recovering the kinetic energy from the front rotor (FR), besides of 
improving flow capacity in both ducted and unducted configurations (Toge and Pradeep 2015). At 
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rate, which is quite reasonable since the air velocity is low. On the other hand, the outlet total 
pressure from SRF or CRF is obtained from the static pressure tapings far downstream at point (P4), 
to allow for diffusing the circumferential flow momentum, and by adding the dynamic component 
and the ducting losses between (P3) and (P4) the effective outlet total pressure is determined. The 
airflow was measured by means of a Venturi nozzle manufactured according to BS848 (1997) 
which was calibrated for this purpose. The net shaft power for the direct drive is deduced from the 
consumed electrical power of the three-phase electrical motors reduced losses (BS4999, 1987). The 
measurements of voltage, current, frequency, speed of rotation and slip of induction were made. 
Figure 2 does not show the instrumentation. The measurement uncertainties depended on 
instrumentation for which the absolute errors were: 2.45 Pa for static pressure difference, 0.2 K for 
temperature, 0.1 rpm for rotational speed, and about 3.5 W for electrical power. 

 

 

Legend 
P1 : Location for static pressure and temperature at the throat of venture-meter. Also the location of Pitot tube  
P2 : Location for static pressure upstream the front fan 
Pi : Location for static pressure half a distance between FR and RR 
P3 : Location for static pressure and temperature downstream of FR 
P4 : Location for static pressure allowing recovering the flow rotation component in addition to the temperature 

 

Figure 2: Test-rig 
 

The measured performance of SRF for two stagger angles are shown by (Fig. 3), depicting that 
the pressure rise decreases with the flow rate, and more at low staggering. In fact the flow rate is 
restricted by the test-rig ducting and throttling, but the real flow range is larger at low stagger 
angles. The maximum air speed at the venturi-meter throat is about 15.7 m/s. Figure 4 presents the 
absorbed and net shaft power to drive the fan, which are compared for different stagger angles. It 
appears that the consummed electrical power increases at low stagger angles but has a slight 
variation with the flow rate, on the contray the net shaft power depends strongly upon the flow rate. 
The lesser shaft power corresponds to the highest stagger angle of 82 deg which reveal a peak 
value, while for the other stagger angles no peak is seen since the flow range was not totaly swept 
because the throttling imposed. The cconfiguration of stagger angle ξSR = 62 deg seems offering the 
highest efficiency, which will be further discussed. 

 

 
     (a)                                                                (b) 

Figure 3: Measured total and static pressure rise of SRF: a) ξSR=72°; b) ξSR=62° 

Venturi-meter 

RR FR 

Inter-space

Throttling 
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     (a)                                                                     (b) 

Figure 4: Measured power of SRF: a) Absorbed; b) Net shaft power  
 

The measured pressure rise of CRF (Fig. 5) depicts improved performance and broader flow 
range compared with SRF. RR has a positive effect as a lesser power is consumed compared with 
the tandem fans. This is obvious by comparing between the operating point at the upper limit of 
flow rate 1.05 m3/s and a stagger angle of 72 deg, showing that the power consumed by SRF is 210 
W (Fig. 4(b)) while that of CRF is about 400 W (Fig. 6). For the optimal stagger of 62 deg this 
benefit is much evident, where the power consumed by SRF is 275 W and that of CRF is 375 W, 
which is a noticeable gain. By referring to the nominal flow rate, for the configuration of CRF 
(ξFR=62°-ξRR=67°) the gain in efficiency reaches a value of 0.82 instead of 0.75, while the static and 
total rises to 275 Pa and 355 Pa, respectively, instead of 125 Pa and 185 Pa for SRF, and in parallel 
the flow range is broader. By changing inter-distance in between 160 - 360 mm, which is in tem of 
chord distance equal to 1.5c, 2.5c and 3.5c, FR influences the power consumed by RR due to flow 
interaction between them. For the configuration of CRF (ξFR=62°, ξRR=67°) and inter-distance 
d=1.5c the total-to-static efficiency is around 64.94% and the shaft power is at the maximum and 
the static pressure rise is equal to 324 Pa. On the other hand, for the larger inter-distance d=3.5c the 
static pressure rise drops moderately to 301 Pa, since the shaft power of RR is less owing to the 
mixing having an effect on tangential velocity and dynamic pressure between the two rotors and 
subsequently the pressure loading of RR. As consequence the total-to-static isentropic efficiency 
varied slightly about the value of 64.7%. 

 

      
     (a)                                                                       (b) 

Figure 5: Measured static pressure rise of CRF for different inter-distance (d=1.5c, 2.5c, 3.5c) 
and stagger angle: a) ξFR=72°- ξRR=76°; b) ξFR=62°-ξRR=67°  
 



 

Figure 6: 
a) ξFR=72°
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conducted at 1440 rpm and Qv=0.6 m3/s, considering the isentropic efficiency (Fig. 9), permitted 
adopting a total number of 473282 nodes for SRF and 846062 nodes for CRF.   
 
 
 
 
 
 
 
 
 
 
 

 
            Figure 8: Rotor meshing                                                  Figure 9: Grid dependency 

RESULTS AND DISCUSSIONS 
The computation of aerodynamic performance is based on the stage interface, where the 

circumferential mass averaging of static and total pressure and temperature are done at the inlet and 
outlet, whereas the torque is integrated over the blade surfaces. The total-to-static and total-to-total 
isentropic efficiency is given for: 
SRF by: 

  
∆ Q

T
                                and                                 

∆ Qv

T
                           (1) and (2) 

and CRF by: 
  

∆ Q

TFR TRR
                       and                                 

∆ Q

TFR TRR
                  (3) and (4) 

Validations 
The first validation is done for SRF, but only the stagger angle ξSR=62° is shown by Fig. 10. 

Owing to the inaccuracies of instrumentation and the limited flow range due to throttling imposed 
by the test-rig there is an acceptable agreement between the computed and measured performance. 
However, some important discrepancies are observed in both the pressure rise and efficiency in the 
middle of flow range. In particular, at the most, a difference of about 8 points in efficiency is visible 
due to higher losses induced by the front and rear struts and the build-up of boundary layer at the 
casing and also attributed to the power mismatch. The second validation concerns CRF, which for 
the configuration (ξFR=62°-ξRR=67°) shows (Fig.11) a fairly good consistency with the 
measurement, and the performance and flow range are improved compared to SRF. 

 

           
    (a)                                                                           (b) 

Figure 10: Compared performance of SRF (ξSR=62°): a) Static pressure rise; b) Total-to-static 
isentropic efficiency 
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                                              (a)                                                                    (b) 
Figure 11: Compared performance of CRF (ξFR=62°-ξRR=67°): a) Static pressure rise; b) 
Total-to-static isentropic efficiency 

Computed Performance of SRF 
Figure 12 present the computed static pressure rise and total-to-static isentropic efficiency for 

SRF at different stagger angles and flow rates, revealing strong dependence upon the stagger angle. 
The first branch exhibit a rapid variation and a negative slope followed by another branch of a 
moderate variation ending by curve bend of negative slope. This latter for the lowest stagger angle 
of 52 deg is steepest leading rapidly to the unstable region.  At stagger ξSR=62° the characteristics 
reveal higher pressure rise and a peak in total-to-static efficiency equal to 64.7 %, in addition the 
flow range goes up to 2.1 m3/s beyond the limit reached experimentally. 

 

        
                                                (a)                                                                     (b) 
Figure 12: Computed performance of SRF: a) Static pressure rise; b) Total-to-static 
isentropic efficiency  

Computed Performance of CRF 
Figures 13 present the computed performance of CRF for different stagger angles and axial 

inter-distances, depicting gains in the pressure rise and isentropic efficiency compared to SRF. Over 
the major part of operating range the slope of pressure rise is negative which means a good working 
stability. It seems that the lowest stagger setting (ξFR=52°-ξRR=59°) is characterized by lesser stable 
operating range. The CRF configuration (ξFR=62°-ξRR=67°) is shown to produce the best 
performance, where the static and total pressure rise are about 229 Pa and 336 Pa, which are more 
than that obtained for SRF. Besides, the total-to-static efficiency was initially equal to 64.7% for 
SRF is improved to 71.2 % for CRF, as explained by the significant increase in static pressure rise 
and lesser power consumed. Moreover, CRF operates at a wider range of high efficiency compared 
to SRF since the RR provides a better suction.  
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(a) 

      
(b) 

     
(c) 

       
(d) 

Figure 13: Static pressure rise and total-to-static isentropic efficiency of CRF compared with 
SRF: a) ξFR=82°-ξRR=84°; b) ξFR=72°-ξRR=76°; c) ξFR=62°-ξRR=67°;d) ξFR=52°-ξRR=59°  
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Table 1 summarizes the measured and predicted performance for the different configurations of 
SRF and CRF. The obtained performance is given in terms of total and static pressure rise and 
isentropic efficiency, which correspond to each nominal operating point defined at the maximum 
isentropic efficiency. Table 1 does not show a comparison between experimental and numerical 
values at the same flow rate. Indeed, there is a difference in the flow range between the 
measurement and the computation added to the respective optimum isentropic efficiency which are 
shifted, and this why the relative error is not provided. 

Table1: Comparison between performance at the nominal operating points of SRF and CRF 

 
 
Parameters 

FR Stagger angle
82 deg 72 deg 62 deg 52 deg 

SRF CRF  SRF CRF  SRF CRF  SRF CRF  
Qv (m

3/s) -Num 0.61 0.64  1.18 1.22  1.45 1.87  1.47 2.51  
                -Exp 0.60 0.51  1.03 0.92  1.45 1.55  1.21 1.73  
ΔPS (Pa)  -Num 112 233  100 248  66 229  74 229  
                -Exp 117 269  120 294  112 324  131 294  
ΔPt (Pa)  -Num 135 248  153 293  172 336  171 424  
                -Exp 148 340  159 341  190 354  235 404  
t-s (%)    -Num 53 59.3  63 69.8  64.7 71.2  36.5 69.4  
-Exp 46.57 52.6  51 53.91  51.5 64.94  30.5 64.5  
t-t (%)   -Num 64.2 60.5  73 72.5  78.33 77.7  51.3 78.8  
-Exp 58.59 59.7  67.57 64.3   74 74.95  54.71 71.5  

Flow Structures 
The discussion of the flow field corresponds to the nominal point of CRF (ξFR=62°-ξRR=67°) 

and inter-distance d=1.5c. As shown by Fig.14, the flow streamlines through the two rotors follow 
more or less the rotor blades and reach the highest velocity over the suction side of RR. At the 
entrance of second rotor there is an increase in relative velocity from root to tip with a variation in 
flow direction. At exit from RR the flow is practically axial at the upper part of blade, but the flow 
rotation exists in the lower part. Figure 15 depicts the static pressure which continues increasing 
through RR. This latter has a dual contribution since it continues the diffusion started in FR and 
adds more energy to the fluid. Figure 16 plots the pressure coefficient  (  and   are the 

local and static pressure at entry is the relative inlet velocity) around the two rotors blades, when 
CRF operates at the nominal condition. The blade staggering has a significant effect on 
aerodynamic loading due to higher suction of blades. For FR and RR the pressure loading is more 
significant over the upper part of blade, and FR is more loaded. By comparing between CRF and 
SRF the pressure loading is evidently lesser for FR, which is good for the stability since the 
pressure gradient over the suction side is alleviated. 

 

 
Figure 14: Streamlines coloured by flow velocity of CRF (ξFR=62°-ξRR=67°, d=1.5c) 
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Figure 15: Static pressure of CRF (ξFR=62°-ξRR=67°, d=1.5c) 

 

 
         (a)                                                   (b)                                                 (c) 

Figure 16: Pressure coefficients for (ξFR=62°-ξRR=67°, d=1.5c°: a) FR, b) RR; c) SRF (ξSR=62°) 

Axial Velocity Profiles 
Downstream of FR a swirl velocity is established to ensure a radial equilibrium balancing the 

axial velocity. From hub to mid-span axial velocity tends to reduce the flow incidence, but in 
contrary incidence increases from mid-span to tip due to blockage. Figure 17 shows the profiles of 
axial velocity halfway between FR and RR, for both high and low stagger angles. Since the flow at 
exit from FR is assumed to follow the free vortex design method, the tangential velocity multiplied 
by the radius is constant along the radial direction. For both configurations the averaged axial 
velocity seems having the expected form between 20-80% of span, in addition the flow is 
discharged mainly through the upper span. The defect in axial velocity seen at outermost part is due 
to the casing boundary layer and tip clearance effects. At the lower part, the negative value of axial 
velocity indicates a recirculation. It may be concluded that the presence of RR affects the axial 
velocity profile by reducing it near hub, while increasing it practically on the remaining of blade 
span. This latter indicates a contraction effect, which can be explained by the aspiration effect of 
RR which interacts with the shroud boundary layer and the hub vortex.  

      
(a)                                                                              (b) 

Figure 17: Axial velocity between FR and RR: a) ξFR=72°-ξRR=76°; c) ξFR=62°-ξRR=67° 
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The design of RR assumed that the inlet velocity is the same as that at outlet of FR and ignored 
the mixing and decay. Figure 18 presents the velocity profiles downstream of RR for both high and 
low inter-distances. Near the tip region the axial velocity is relatively lower in the inter-space than 
downstream of RR, which could be attributed to interaction of FR tip vortex and RR, which was 
also observed by Cho et al. (2009). Besides, the axial velocity downstream of RR and near the hub 
is negative owing to flow separation and hub vortex. When the fluid passes through RR, the axial 
velocity increases somehow below 30 % of span and continues increasing in between 30 - 80% of 
span, and decreases above 80 %.  

          
(a)                                                                                  (b) 

Figure 18: Axial velocity downstream RR: a) ξFR=72°-ξRR=76°; c) ξFR=62°-ξRR=67° 

Influence of Inter-Distance  
The flow entering RR is assumed identical to that from FR, but the axial inter-distance has a 

significant influence on the flow structure to a certain limit. According to Zachcial and Nürnberger 
(2003) and Hetherington and Moritz (1977) this distance allows the mixing to occur prior to 
entering the next rotor passage. Additionally, the tip flow from FR has a significant impact on the 
casing boundary layer of RR. The previous figures show that the velocity profiles become non-
sensitive to inter-distance beyond d=1.5c, but below .i.e. d=1c, the influence is more evident. It 
seems that beyond a certain distance the axial velocity profile is not influenced except near the hub 
which could be attributed to flow recirculation. The flow angle between RR and FR is influenced by 
inter-distance over a wide portion of blade height. Below 20 % of blade height, the deflection angle 
of FR increases when inter-distance increases from 1.5c to 3.5c, and the important deflection at 
trailing edge causes extra losses. The flow angle relative to the blade of RR decreases too much in 
the tip and root regions, and thus the flow deflection and aerodynamic loading of FR reduce 
substantially. For the configuration (ξFR=82°-ξRR=84°) the distance d=1c offers a total-static 
efficiency about 59.3%, and by lowering the stagger angle this distance would be farther due to 
flow interactions. For the optimal configuration (ξFR=62°-ξRR=67°) an axial distance d=1.5c seems 
producing the highest total-to-static efficiency which is about 71.2 % at the air flow rate of 1.87 
m3/s. The same distance applies for the configurations (ξFR=72°-ξRR=76°) and (ξFR=52°-ξRR=59°). 
Besides, there is an optimal distance which beyond the net shaft power supplied to RR will increase 
and subsequently the efficiency drops.  

 
CONCLUSION 
The aerodynamic characterization of SRF and CRF allowed conclusions about some design 

parameters, mainly the blade staggering and inter-distance, while keeping the same speed of 
rotation. There are noticeable improvements, which besides increasing the pressure rise and the 
isentropic efficiency to a certain extent, the flow range is also improved due to better suction 
imposed by RR. The configuration (ξFR=62°-ξRR=67°) with an inter-distance around d=1.5c, gives 
the best performance. Furthermore, the aerodynamic loading is lesser in CRF compared to SRF, and 
the pressure gradient over the blade suction side is alleviated for FR, which is good for the stability 
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reason. Further understanding how FR and RR interact at various axial gaps is an important step to 
determine the beneficial effects of counter-rotation and confirm the design choices. 
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