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ABSTRACT 

Tandem row stator arrangements are common in the last stage of multirow, gas turbine 
compressors. Tandem row stators, or stator and de-swirler vane combinations are used to relieve 
the loading on the stator but ensure axial flow leaving the compressor. In this paper a standard 
40inch (1016mm) ventilation fan in the Air Blow Fan’s range is modified to utilise the plate support 
struts on the barrel to relieve the aerodynamic loading on the aerofoil stator. Performance maps for 
both versions of the fan were generated using computational fluid dynamics and are compared 
across a wide range of rotor setting angles showing a clear advantage of approximately 2% in 
efficiency for the tandem blade design. In addition, the area of high efficiency that represents the 
practically usable area of the map extends over a greater area in terms of flowrate and total pressure 
rise.  

INTRODUCTION 

Two new aerodynamic features where experimented with at Air Blow Fans during the design process 
of a new fan range. The first was bowing of the stator vanes which allowed for far greater turning in 
the stator vane without corner separation developing at the endwall junction. This however raises 
concerns over the manufacture of these bowed vanes. An alternate option was sought to relieve the 
turning in the aerofoil stator and it was decided to investigate the use of the plate support strut 
downstream on the barrel to de-swirl the flow. The aerofoil stator in this case was slightly twisted but 
not bowed. A fan representing this design with the slightly twisted aerofoil stator and cambered plate 
support strut as a second stator row has been fabricated and tested.  

These aerodynamic features were applied in the design of a standard 1016 mm diameter secondary 
fan. This paper describes the results of both bowed stators and tandem blade rows in a standard 
40” (1016mm) diameter secondary fan. 

 

FIG 1 - Tandem stator design (left), bowed stator design (right) 

Benefits of Bowing and Twisting stator vanes 

It is common to adjust the localised twist of the rotor blade in order to alter the work distribution 
produced in the rotor or increase the product of radius and outlet absolute tangential velocity at 
midspan and to alleviate secondary or loss generating flows in both turbine stators and rotors 
(Lampart, et al., 1999 and Watanabe and Harada, 1999).  

In compressors or fans, where the pressure gradients adversely affect the onset of secondary flows 
the turning angles are milder to compensate, localized twist is used to reduce corner separation (see 
Figure 2), otherwise known as corner stall at the hub which had only been identified in the 1980’s. 
In the stator row localized twist can be used in the same manner, but in addition the twist can be 
used to compensate for any off-design radial variation in the flow angle emerging from the rotor row. 

 



3 

 

FIG 2 – The nature of flow in an axial compressor rotor passage (Lakshiminarayana,1996) 

Bow, is also known as dihedral or compound lean in the literature and has been studied in 
compressors since the 1990’s to address secondary flows. Weingold, et al., 1997 describes the 
design of a compound bowed stator designed to reduce corner stall and the resulting flow blockage 
in the compressor achieving more than 1% efficiency improvement. They describe bowing as 
reducing diffusion rates in the suction surface corner and delaying or eliminating the formation of 
corner separation. 

Sasaki 1998, showed that bowing increased loading at midspan and that dihedral made the blade 
row relatively insensitive to incidence compared to sweep. Gallimore et al. 2002 a & b report a 5% 
pressure increase over the entire speed line for a 3D optimized multistage compressor utilizing free 
form sweep and bow with the rotors largely utilizing sweep and the stators, compound bow limited 
to close to the hub and tip. Fischer, 2004 applied strong bowing, 30° at tip and 35° at the hub, to the 
stators of a 4-stage compressor and achieved a 1.4% increase in pressure rise which was ascribed 
to the shift of flow towards the midspan and the reduction of corner separation as a result of 
unloading the blade in the proximity of the endwall (see Figure 3). 

 

FIG 3 - A heavily bowed Stator after Fischer, 2004 
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The Air Blow Fans standard 40” (1016 mm) Fan 

This fan, with a 23” Barrel was selected as the test model and as such was used for the analysis of 
these aerodynamic features applied to the stator vanes. The current design for this axial flow fan 
features C4 rotor blading with twisted aerofoil profiles and radially optimised camber. The blades are 
forward swept, and bowed below 50% span and have irregularly spaced tubercles. The stator blading 
is of a tandem nature with the plate struts taking half the turning at the design point and are straight 
with a constant rolled camber. The aerofoil stator vanes are modified NACA65 profiles with a slight 
twist from hub to tip. The design is very similar to that pictured in Figure 1 (left). 

The performance of this design is shown in Figure 4. Maximum total to total efficiency is in the region 
of 85.5% at a rotor blade tip angle of 58° after accounting for the expansion behind the barrel without 
a cone. The rotor blade setting angles are defined as the angle of the chord line at the tip of the 
blade, adjacent to the fan casing, relative to the axis of rotation of the rotor.  This fan configuration 
was tested on a test duct and the maximum efficiency achieved for the test curve was 3.5% lower 
than predicted and the efficiency at the duty point was 5% lower than predicted. This can be 
attributed to inaccuracies in the manufacturing methods and also due to differences in the geometry 
of the impeller dome. The CFD results were predicted with an impeller dome with an ideal bullet 
nose geometry whereas the actual impeller dome used in the test results was a 10% torospherical 
spun dome which has a much flatter profile than the impeller dome geometry used in the CFD 
analysis.  

 

 

FIG 4 – The standard 1016 fan performance map, straight vaned tandem row stators 

The modified geometries under investigation 

The aim of this paper is to investigate whether a new bowed stator arrangement for this fan would 
still benefit from a tandem row design. For this purpose, two new geometries have been created. 
The first being a single bowed and leant stator capable of removing swirl to less than 3.5°. Also 
included in this model is the simple straight support strut included for completeness. The second 
model has the aerofoil stator reduced in camber by half with the same bow, lean and chord as the 
first case. Outlet swirl is roughly the same as in the previous case. The strut is increased in chord 
and rolled to accept the incoming swirling flow but is straight otherwise. The same blade counts of 8 
rotors and 9 stator vanes is retained as is the original rotor blade design. The only other difference 
between these configurations and the standard design mapped in Figure 4 is a modification to the 
hub, eliminating the convex contour. 
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Axial extension plates to the stators are not considered here as the stators are bowed and this 
practise while reducing the barrel length does not allow for indexing of the second row to improve 
the de-swirl efficiency of the second stator row. 

COMPUTATIONAL FLUID DYNAMIC (CFD) ANALYSIS 

Table 1 indicates the details of the modelling approach taken in the NUMECA FineTURBO® package 
for the purposes of this study. Between 5 and 10 points are run per setting angle and these take 
approximately 3.5 hours on a standard i7 laptop with 8GB per core. The runs are undertaken in 
parallel on 3 cores. The rotor is re-meshed at each setting angle. 

TABLE 1 – CFD Parameters 

CFD Model Parameters Setting 

Package Numeca FineTurbo meshed with Autogrid 5 release 17.1 

Mesh No. of Cells 3 332 700 

Type Structured hexahedral 

Tip Gap 2mm 

Fillets 5mm (Stators only) 

Near Wall Cell 0.002mm yields y+ in the region of 1 

Geometry Single passage per blade row, inlet bulb and 
tandem row enabled 

Solver Settings Gas Air (Perfect Gas Law) 

Turbulence Spalart-Allmaras 

Multigrid Levels 3 

Course Grid Iterations 100 

Fine Mesh Iterations 1000 (CPU Booster is not enabled) 

Inlet Boundary Total pressure set to standard temperature and 
pressure. Flow normal to boundary. 

Outlet Boundary Pressure adaption massflow with radial 
equilibrium and backflow control enabled. 

Rotor/Stator Mixing 
Plane 

Steady 

 

Figure 5 and 6 below are included to show the overall geometries in question and at the same time 
to indicate the density and quality of the mesh. The mesh shown is however the medium coarseness 
multigrid level and not the final mesh. The Inlet bulb is included in the simulation but the mesh ends 
in the annulus behind the strut and therefore the sudden expansion behind the barrel is not modelled 
in the CFD. 

All runs were performed at 1775 RPM equivalent to 60Hz 4 pole and the performance maps 
generated reflect this speed. Inlet conditions are near 1.2 kg/m3 but are normalised to this condition 
as the maps can be easily scaled to a given speed and density. 
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FIG 5 – The 1016 fan with a bowed and leant aerofoil stator designed to de-swirl the flow in a single row and 
a simple straight support strut for structural purposes 

 

FIG 6 – The 1016 fan with a tandem stator arrangement featuring the same bow and lean as the design 
above in the aerofoil stator but with half the turning and a straight, rolled plate tandem de-swirl vane/strut  

The sudden expansion is accounted for in the mapping by including a total pressure loss and, if 
required, a static pressure increase, based on the Carnot-Borda equations for frictionless sudden 
expansions. 

Each set of points generated by CFD at a given setting angle has a quadratic curve fitted to it and 
this is used to extend the curve to zero pressure. A similar approach is used to find the peak 
efficiency for each curve and again through the peaks to locate an approximate maximum efficiency 
point. Efficiency bands are created by interpolating points of the same efficiency on each of the 
setting angle curves. This process is performed in Excel and is automated as far as possible. 

Figure 7 shows quite clearly in the reduction slow moving flow, how the reduction in loading allows 
the flow to stay attached over a far greater volume of the stator passage in the tandem design at the 
design point.
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FIG 7 – Meridional and Azimuthal averaged relative velocity contours (m/s) at design for Single 
(left) and Tandem (right) fans 

RESULTS FROM THE UPDATED DESIGN 

The results generated using the CFD and mapping approach described in the previous sections are 
given in Figures 8 and 9.  

The first thing to note is that the maximum efficiency of the tandem arrangement is nearly 2% higher 
than the single stator model, reaching 86.48%. This is 1% greater than that for the original straight 
stator. Therefore, despite the increased wetted area and consequent skin friction drag of the tandem 
stator arrangement it is clearly a better choice from an efficiency point of view than a single row of 
stators, even when comparing a tandem straight stator to a single bowed stator from a maximum 
attainable efficiency point of view.  

 

FIG 8 – The standard 1016 fan performance map, straight vaned tandem row stators 
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FIG 9 – The standard 1016 fan performance map, straight vaned tandem row stators 

The point of maximum efficiency has moved from approximately 58° in the case of the straight stators 
to between 48° and 53° which is an unexpected result, but may be due the incidence setting selected 
for the aerofoil stator. The efficiency at 58° remains good however, in fact the ridge of high pressure 
on the map is broad and relatively flat. 

For both cases with bowed and leant aerofoil stators the band of high efficiency extends from 38° to 
68° rotor setting angle starting well below surge or stall at the low angles and moving closer to surge 
at the high setting angles. The tandem design however maintains a consistently higher value of 
efficiency over this entire area. As the curves drop to lower pressure rise values however the tandem 
stators loose efficiency at a higher rate that the single stator case. But this effect is marginal in terms 
of efficiency value given the higher starting point. 

The most notable effect of bowing the stators when compared to the straight stators is the overall 
extent of the performance map, and here it is important to note that the three maps provided all have 
the same axes with the bowed blades filling the graph and the straight stator map limited to values 
below 2.5 kPa pressure rise and 37 m3/s. Maps for the bowed blades stretch from the same starting 
point a 68° rotor setting angle to well over 45m3/s and 2.5 kPa at 38° rotor setting angle indicating 
an improved delivery and not just an improved efficiency. 

Bowing the blades has arguably shown to have a greater improvement on the performance map of 
the fan by extending the usable range of the fan across a broad range of rotor setting angles and 
expanding the range of the fan performance. Without utilising the tandem stator concept however, 
the fan efficiency would lose 1% efficiency against that of the existing tandem stator design with 
straight stators. 

STRUCTURAL CONSIDERATIONS 

Although the aerodynamic benefits of the bowed stators were demonstrated above, the concern 
exists that bowed stators may be detrimental to the structural integrity of the fan and especially to 
the stiffness. It is not the purpose of this paper to provide a full structural analysis of these designs 
but it can be stated that although the structural stiffness of the fan with bowed stators is lower than 
that of the straight stators not of such a magnitude to cause a concern for this fan.  

 

A modal analysis was carried out of this 40” fan with bowed stators and straight stators. The lowest 
natural frequency for the straight stators was 88.8 Hz while the lowest natural frequency for the 

78.25° 73.25° 68.25° 63.25° 58.25° 53.25° 48.25° 43.25° 38.25°

83

81

79
77
75

70

65

60

55

86.48

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20 25 30 35 40 45 50

To
ta

l P
re

ss
u

re
 R

is
e 

-
kP

a

Volume Flow - m3/s

1016 Tandem Stator



9 

bowed stators was 80 Hz. Both of these frequencies are well above the operating speeds of these 
fans, even with two pole motors so both designs are structurally sound. 

CONCLUSIONS 

The introduction of bowed stators into a low-pressure ventilation fan has the effect of expanding the 
operational range of the fan at high efficiency levels to a band ranging from 38° to 68° rotor setting 
angles. This is a significant improvement when compared to the straight stator design which shows 
a more typical bubble of high efficiency between 68° and 53° setting angle. This is due to the 
unloading of the stator hub due to the bowing which delays the stall of the stator in the hub region.  

By further unloading the aerofoil stator utilising the aft strut on the barrel as a de-swirl vane the 
operational range of the fan is maintained and despite the increased wetted area of the struts, the 
efficiency is again improved, by as much as 2% over an equivalent single stator design. The 
drawback might be the proximity of this high efficiency area to surge or stall at the higher setting 
angles.  
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