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SUMMARY 

Three high pressure axial flow fan stages with low hub/tip ratio of 0.5 and 0.6 were designed and 
verified on 600 mm diameter test rig. Rotor blade elements near the hub had high aerodynamic 
loading. New stage blading application was proposed in the design of one-stage flue gas fan, 
external diameter of 4.3 m and peripheral velocity of 168 m/s, with the objective of replacing the 
standard two-stage axial flow fan. 

INTRODUCTION 

Each modern boiler block in existing coal fired power stations has usually one or two air fans and 
one to three flue gas fans. At the present time, most of the boiler blocks are gradually being 
refurbished. New advanced blocks with electrical power output of 500 to 800 MWe are either at the 
proposal stage or being commissioned. Some power stations require only one flue gas fan and one 
air fan at the boiler block. Most of the world´s fan manufacturing companies use conventional 
design flow and pressure coefficients within the range of φD = 0.35 to 0.45 and ψD = 0.30 to 0.40. 
The hub/tip ratio is typically in the range of 0.48 to 0.60. Application of such design, in modern 
power block conditions, results in the fan having two stages and relatively high peripheral velocity 
of 160 m/s to 180 m/s and external diameter of 4.0 m to 5.0 m. 

High pressure fan stage blading was designed using the latest techniques relating to the axial 
compressors, e.g. Baumgarten et al [1], Cyrus et al [2], [3], Sheard [4]. Great deal of attention was 
given to the improvement of fan aerodynamic performance, e.g. Vad [5], Clement et al [6] and 
Cyrus et al [7], [8], using the results of in depth analysis of the flow mechanism in the fan blading, 
inlet chamber and exhaust diffuser with the application of the CFD codes. 

Our paper focuses on two primary objectives. First objective was to carry out analysis of the fan 
stage design with high pressure coefficient and high aerodynamic loading of the rotor and stator 
blade rows under the condition of maintaining the maximum stage efficiency of 90 %. Our test data 
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relating to three new advanced model fan stages with external diameter of 600 mm were used. The 
hub/tip ratio was in the range of 0.5 to 0.6. 

The second objective was to investigate new large size flue gas fan design for the power station 
block output of 660 MW with the aim to replace two-stage fan by one-stage fan. Equivalent 
peripheral velocity ut = 168 m/s and external diameter Dt = 4.3 m were used for both machines. 
Efficiency of the full size axial flow fan was calculated on the basis of modelled stage test data 
using the Darmstadt TU similarity method [9]. 

 

AXIAL FLOW FAN KEY DESIGN PARAMETERS 

Axial flow fans used in power stations consist of an inlet suction chamber, one or two axial flow 
stages and a diffuser (Fig.1). Typical fan aerodynamic characteristics are shown in Fig. 2. Gas 
volume flow rate is altered by turning the rotor blades. Fan efficiency contours are also shown. 

Boiler designers usually prescribe several working points, e.g. 50%N, 100%N, BMCR and D. The 
highest fan efficiency should be at the nominal point of 100%N. Required maximum flow rate value 
Q is at the point D. This condition determines the electric motor maximum output. 

Fig. 3 and Fig. 4 show set of graphs applicable for the parametric analysis of the principal fan 
parameters. These were derived from the definitions and relationships valid in the fan’s internal 
aerodynamics. Relationship of the fan work Y and peripheral velocity ut for the different pressure 
coefficient values ψF = 0.4 to 1.0 are presented in Fig. 3. It can be seen that for the relatively high 
work value used in modern fan design, Y = 10,000 J/kg, high   pressure coefficient of ψF = 0.8 and 
peripheral velocity ut = 160 m/s should be used. 

Fig. 4 shows relationships of the volume flow rate Q and the fan external diameter Dt, flow 
coefficient φ and stage hub/tip ratio ν. The hub/tip ratio ν = 0.5 and 0.6 and flow coefficient φ = 0.4 
and 0.6 were selected as they relate  to    the advance fan design. The peripheral velocity of  
ut = 130 m/s and ut = 170 m/s relate to the older and modern design, respectively. It follows from 
Fig. 4, for example, that the maximum flow rate Q = 1,000 m3/s may be used in the axial flow fan 
design with the hub/tip ratio of ν = 0.6, peripheral velocity ut = 170 m/s and tip diameter  
Dt = 4.35 m at the flow coefficient of φ = 0.6. If the flow coefficient φ = 0.4 is used, then the 
external diameter is Dt = 5.40 m. 

 

 

 

 

 

 

 

 

 

 
                                                                 Figure 1: axial flow fan 
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EFFECT OF THE INLET CHAMBER AND DIFFUSER LOSSES ON THE  
AXIAL FLOW FAN AERODYNAMIC PERFORMANCE 

Relationship of the aerodynamic performance of the fan stage blading (R+S) and the complete axial 
flow fan is derived in [3] and it is based on one-dimensional flow model. It assumes axial flow in 
the inlet and outlet fan stage Planes 1 and 3 (Fig.1). Equations (1) and (2) show that the fan 
efficiency ηF and pressure coefficient ψF decrease with the loss coefficients of the inlet chamber ζIC 
and the diffuser ζD and the flow coefficient φ  
 

ηF/ηST = 1 – (ζIC + ζD) φ2/ψST ,   (1) 

ψF/ψST = 1 – (ζIC + ζD) φ2/ψST,               (2) 

where the definitions of the following properties are: 

ζIC = (pT0 - pT1)/q1 and ζD = (pT3 - pT4)/q3  (3) 

             q1 = q3 = 0.5ρ (Q/A1)
2 

 φ = Q/(A1 ut), A1 = π Dt
2 (1-ν2)/4.   (4) 

This tendency is weakened by the increase of the fan´s stage blading pressure coefficient ψST. From 
the equations (1) and (2) it follows that the fan’s operating points should be located within the 
performance field that has low flow coefficient in order to attain high fan efficiency ηF. Low energy 
loss condition in the fan´s inlet and outlet parts is of crucial importance. 

These conclusions are confirmed in Fig. 5, which shows two sets of curves valid for the sums of 
loss coefficients ζIC + ζD = 0.15 and 0.25. The first set applies to good aerodynamic design of the 
inlet chamber and exhaust diffuser relating to modelled axial flow fan with the external diameter of 
600 mm and hub/tip ratio of 0.6, which was theoretically and experimentally investigated by the 
authors of [7], [8]. The minimum evaluated values of loss coefficients ζIC and ζD were within range 
of ζIC = 0.11 to 0.13 and ζD = 0.005 to 0.006, respectively. The values of ζD were determined at 
working points close to the design point, where the inlet velocity profiles were smooth and swirl 
was  approximately zero. The sum of loss coefficients ζIC + ζD = 0.25 relates to the low cost fans 
with the inlet casing having simplified shape of flow channels. 

 

 Figure 2: fan performance  field Figure 3 : dependence  of fan work on peripheral velocity 
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Table 1:   parameters of axial flow  fan stages 

 

 
AXIAL FLOW FAN  DESIGN 

Design parameters of new fan axial  stages 

The axial fan stage geometry was derived using the CADAC design code for the axial flow 
compressor stage [11]. Axisymmetric flow solution is based on the streamline curvature method; 
the aerodynamic performance of the blade element is derived using the Lieblein´s method [12] with 
secondary losses calculated for the blade with and without the tip clearance; refer to Cyrus [2]. 
Flow in the inlet and outlet planes is axial. The CFD method (NUMECA program [13]) was used to 
calculate the new stage aerodynamic performance. 

The main parameters of new advanced stages with high aerodynamic loading, which were designed 
and tested in AHT Energetika Ltd , are presented in Table 1 and are denoted by the capital letters A, 
B and C. For the comparison data relating to the standard stage D with moderate aerodynamic 
loading are also presented.  

 

Figure 5: dependence of volume flow rate  on external diameter  Figure 6:  dependences for fan efficiency 

Stage 
ν 

 

φD 

 

ψD 

 

Rotor blade row Stator blade row 

zR σR,h ARR zS σS,h ARS 

A 
0.60 

0.60 0.83 22 2.14 1.17 31 2.88 1.26 

B 0.35 0.46 22 2.14 1.26 31 2.88 1.30 

C 0.50 0.45 0.36 18 1.81 1.67 23 3.12 1.36 

D 0.55 0.40 0.30 12 1.16 1.45 15 1.30 1.50 
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Profiles of the rotor and stator airfoils were NACA 65th series with reinforced trailing edge. Camber 
lines were circular. In order to achieve acceptable aerodynamic loading of the rotor blade elements 
near the hub the smaller fan work redistribution along the radius was applied. The relative 
difference of the total enthalpy increase at the hub was lower than at the casing  
(∆Ht - ∆Hh) / ∆Hm = 6 % and 8 % for the Stage A and B, respectively. Work redistribution was zero 
for the Stage C and D. 

The maximum number of rotor blades zR,max in stages A and B is given by the hub/tip ratio, in this 
case zR,max = 22 and ν = 0.6, and is related to the location of the rotor blades hydraulic turning 
mechanism in the fan hub. For this reason the number of rotor blades in the Stage C is lower:  
zR = 18, the hub/tip ratio was ν = 0.5. We note that the number of stator vanes is not usually 
restricted in the axial fan design. 

Stage A had the design flow coefficient φD = 0.60 and design pressure coefficient ψD = 0.83. Stage 
B had the following parameters: φD = 0.35 and ψD = 0.46 (Table 1). For the Stage C the design 
pressure coefficient ψD = 0.36 was lower than for Stages A and B owing to the lower hub/tip ratio of 
ν = 0.50. 

The aerodynamic loading of the rotor and stator blade elements at the design point of three new 
stages A, B and C was relatively high. Diffusion factor was used as the criterion of cascade 
aerodynamic loading. All stages had the maximum values of the rotor and stator diffusion factor in 
the range of DF = 0.55 to 0.58 in the area near the hub, as it follows  e.g. from the spanwise 
distributions of the rotor cascades diffusion factor valid for the described stages (Fig.6). In order to 
maintain these DF values on the hub of the stator blade elements, it was necessary to apply 
relatively high cascade solidity σS,h = c/s =2.9 to 3.1 (Table 1). 

The aerodynamic loading of the standard Stage D rotor and stator cascades was moderate as it is 
evident from Fig. 6. All investigated stage cascades had subcritical design diffusion factor of  
DF <0.60 thus the studied stages achieved required maximum stage efficiency of ηST.max > 0.9. 

  

Figure 6:  spanwise distribution of   rotor  diffusion factor Figure 7:  test curves of stage   performance          
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The relative height of the radial clearance between the rotor blade tip and casing was sr/c = 0.008. 
The ratio of tip clearance and fan diameter was sr/Dt = 0.0013. 
 

Axial flow stage aerodynamic performance 

New stages were verified on 600 mm external diameter test rig, Cyrus et al [2], [3]. Tests were 
carried out at 1,800 1/min; this refers to the inlet Mach number of stage blade rows Ma1< 0.30 and 
the Reynolds number Re = ut c/ν = 360 x 103. The uncertainty in calculating the fan stage efficiency 
κη in design condition was determined on the basis of uncertainty analysis κη = ± 1.0 to 1.2 %. Test 
rig details and measurement method may be found in [2], [3].   

Fig.7 shows relationship of the pressure coefficient ψST and flow coefficient φ  for all investigated 
stages. The design points are also shown. All stages had relatively high maximum efficiency  
ηST,max  = 90.2 % to 91.1 %, thus we may conclude that the design objectives were met. Fan design 
methodology provided good results for highly aerodynamically loaded axial flow fan stages. 

Further analysis of the aerodynamic performance of investigated stages working at different stagger 
angles of the rotor blades in the range of ∆γR = ±20o was carried out. In Fig. 8 graphs of the test 
maximum pressure coefficient ψST,max for the discrete rotor blade stagger angles of high pressure 
Stages A, B,C and standard Stage D are compared. Maximum efficiency ηST,max = 85% is denoted 
on graphs to determine good efficiency working regions. 

It is evident that the Stage A and B working areas are side by side. It may be added that the 
maximum pressure lines of these stages determine the limits of the stage performance with the 
prescribed maximum efficiency ηST,max>90% for the hub/tip ratio of ν = 0.6. For the Stage C with 
lower hub/tip ratio ν = 0.5 we may observe the decrease of the maximum pressure coefficient 
ψST,max by 0.06 to 0.08 in comparison with the Stage B (Fig. 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 :  dependences of maximum stage pressure coefficient on flow coefficient 
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Figure 9 :  comparison of computed and experimental fan performance (Dt = 600 mm) 

The reason may be explained with the help of velocity triangles and basic relationships valid for the 
axial flow stage internal aerodynamics, for example in [10]. For the comparison the pressure 
coefficient ψST,max  graph for the standard fan Stage D with moderate aerodynamic loading is also 
shown. Wide range of the flow coefficient values φ  is apparent where the Stage D efficiency is 
relatively high ηST,max = 85% to 90% and acquired in the wide range of the rotor blade stagger angles 
ΔγR = -38o to +15o. Such good aerodynamic performance is due to the lower aerodynamic loading 
of the stage cascades in contrast to high pressure Stages A, B and C. 

We may assess the significant increase of the fan stage working range by the use of newly designed 
stages. The new stage aerodynamic characteristics allow optimising the design of modern axial fans 
in terms of production costs and attaining maximum pressure gain and efficiency. Their use may 
lead in some cases to the reduction of the peripheral axial flow fan’s external diameter. 
Exceptionally, two-stage fan may be replaced by one-stage machine; such design measures save 
manufacturing costs. 
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Comparison of measured and calculated complete fan performance 

One-stage axial flow fans were tested with new stages on the test rig built according to standard of 
ISO 5801[14]. Complete fan performance fields were measured for the rotor blades stagger angle 
range of ΔγR = ±20o. At the same time, the steady flow simulations using the CFD method 
(NUMECA program) were carried out to determine the fan characteristics. The turbulence model by 
SST was applied. The flow simulation conditions are published in more detail in papers [7] and [8]. 

Examples of comparison of tested and calculated fan aerodynamic performance are presented in 
Fig. 9. The dependencies of the pressure coefficient and relative efficiency on the flow coefficient 
are valid for one-stage fan with stage blading A. The exhaust diffuser had the area ratio of A4/A3 = 
1.87 and the inlet chamber with parameters of b/a = 1.28 and a/Dt = 1.25.Rectangular side a was 
parallel to the fan axis (Fig. 1). The shape of the standard chamber is apparent from Fig. 1. Casing 
hub was supported by struts; the standard version had 5 short and thin (dashed line) and 3 long and 
thick struts (full line), refer to Fig. 1.  

We may observe acceptable agreement between the test and calculation within the relatively large 
fan working range. Consequently, the aerodynamic performance of the inlet chamber and exhaust 
diffuser attained from the CFD data may be applied in our fan design study. 
 

DESIGN STUDY OF ONE-STAGE FLUE GAS AXIAL FLOW FAN FOR THE 
HIGH OUTPUT COAL FIRED POWER STATION BLOCK 

 
Our paper presents example of design optimisation of the flue gas axial fan destined for a large coal 
fired 660 MW power plant block. Required volume flow rate of the flue gas and fan specific work 
at the nominal point were Q = 830 m3/s and Y = 8,500 J/kg or at the point of maximum flow  
Q = 1,250 m3/s and Y = 10,800 J/kg (Fig. 2). Flue gas temperature in the fan inlet was 180o C. Use 
of standard stage with the hub ratio of 0.5, external diameter Dt = 4.3 m and circumferential 
velocity ut = 168 m/s in two-stage fan was able to meet the assignment requirements. Electric motor 
revolutions were 745 1/min. Main fan parameters are presented in Table 2. This fan was 
manufactured and installed, one machine only, at the new modern brown coal boiler block in power 
station located in the Northern Bohemia. 
 
Use of one standard Stage D or new high pressure Stages B and C in the design of investigated flue 
gas fan was not possible. Namely, the stage pressure coefficient values were too low at working 
points 100%N and D to meet design requirements, as it follows from Fig. 8. 

For this reason we used Stage A with the hub/tip ratio of ν = 0.6 in the flue gas fan design. Fan 
parameters are also presented in Table 2. The same values of external diameter Dt = 4.3 m and 
peripheral velocity ut = 168 m/s are used. 

The working points are marked by blue rhombi (flue gas fan notation – FGD) in the performance 
map of modelled one-stage axial flow fan with external diameter of 600 mm and blading A. Both 
typical points lie within the one-stage fan performance field. Particularly, the nominal point 100%N 
is located within the area of high efficiency ηF = 83.4 %. (Fig. 9). 

Comparison between the fan efficiency of one-stage fan at nominal points with the hub/tip ratio of 
0.6 and two-stage fan with the hub/tip ratio of 0.5 for modelled dimensions Dt = 600 mm was 
carried out. The fan efficiency ηF was calculated according to the equation (2) with the following 
characteristics 

One stage fan : ζIC + ζD = 0.16, φ  = 0.536, ηF,1ST = 0.843 

Two stage fan : ζIC + ζD = 0.14, φ  = 0.454, ηF,2ST = 0.866. 



FAN 2015   9 
Lyon (France), 15 – 17 April 2015 

 
The inlet chamber and diffuser loss coefficients were determined with the help of flow simulation 
data acquired in modelled axial flow fans with different hub/tip ratios. The sum of coefficients ζIC + 
ζD was slightly lower for the fan with lower hub/tip ratio than for the fan with higher ratio. 

The same values of the stage efficiency ηST = 0.90 and pressure coefficient ψST = 0.73 for both fans 
were used in calculation of the fan efficiency ηF. These were determined from tests results. The 
difference in fan efficiency ΔηF,th = ηF,2ST - ηF,1ST = 2.3% was calculated using equation (2). We 
should add to our analysis of two-stage machine that the deterioration in fan performance occurs 
because of the interaction of two-stage blading and additional energy losses due to struts usually 
located at the second stator blade row in order to increase bearings stiffness. This decrease may be 
estimated as ΔηF,c = -0.5 % to -0.8 %. Thus the estimated difference of fan efficiencies of two-stage 
standard fan and one-stage fan may be deduced as ΔηF = ΔηF,th - ΔηF,c = 1.5 % to 1.8 %. We assume 
that this difference value is the same for the modelled and prototype fan.  

The structural analysis of the full size rotor blades was carried out using the MFE code. It was 
assumed that the blades were manufactured from the aluminum alloy with a special surface coating 
or from cast steel. 

When estimating the prototype fan efficiency (external diameter of 4,300 mm) we used the 
measured results of modelled fan (external diameter of 600 mm) on the basis of similarity analysis. 
The Reynolds number Reu and relative surface roughness k were used as similarity parameters [9]. 
This method suggests the following relationship between the efficiency values valid for the 
modelled fan ηF,,M and prototype ηF  in working region near the design point 

 
,)1(

,

,
,,

Mf

fMf
MFFMF c

cc −
−−=− ηηη

 
(5) 

where cf is the friction factor which is in the general function of relative roughness k  = K/c and 
Reynolds number Re. The method uses the boundary layer relations [9] valid for the entire region 
from the hydraulically smooth to hydraulically rough. For the axial flow stage the following 
definition of the Reynolds number is used 

 Reu = ut Dt /ν      (6) 

where ν is the gas kinematic viscosity. In Table 3 the key properties are given in order to determine 
the efficiency of full size one-stage axial flow fan ηF at a nominal point. This value ηF = 89.4 %, is 
higher than the one acquired on modelled fan and refers to typical values of the fan efficiency 
published by manufacturers. It should be added that this efficiency is only valid for new flue gas fan 
when no abrasion effect on the blade surface due to ash particles in flue gas is noticeable. 
 

Table 2: flue gas fan parameters; Dt = 4,300 mm,  ut = 168 m/s 

Working 

point 

Q 

(m3/s) 

Y 

(J/kg) 

ΨF 

(1) 

φ   

(1) 

ν = 0.6 ν = 0.5 

100%N 830 8,500 0.604 0.536 0.454 

D 1,250 10,800 0.768 0.808 0.684 
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Table 3: one-stage axial flow fan 

+ estimated 

CONCLUSIONS 

Modern coal fired stations blocks with electrical output of 500 to 800 MW require new axial flow 
fans with higher pressure increase and volume flow rate than currently available in existing standard 
machines. The paper had two main objectives. The first one focused on the analysis of high pressure 
coefficient fan stages design with high aerodynamic loading of the rotor and stator blade rows under 
the condition of maintaining the maximum stage efficiency of 90 %. Our test data relating to three 
new advanced model fan stages with external diameter of 600 mm were used. The stage hub/tip 
ratio was within the range of 0.5 to 0.6. Several relationships to determine the key fan parameters 
were derived. The second objective entailed the design study of advanced flue gas fan with the use 
of new high pressure fan stages for the power station block with output of 660 MW with the aim to 
replace two-stage fan by one-stage machine. The main conclusions are summarised as follows:  

(i) High efficiency fans should operate at nominal points with relatively low flow coefficient  
of 0.3 to 0.5. Their inlet chambers and exhaust diffusers should have low energy losses 

(ii) Objectives for all newly designed high pressure stages were met thus we concluded that the 
design methodology is trustworthy. Used design diffusion factor criterion for the rotor and stator 
rows cascades DFmax < 0.58 led to the maximum stage efficiency of ηST,max  = 90 % to 91 % as it 
follows from the modelled stage test data 

(iii) New stages significantly increased the fan stage working field in comparison to the standard 
stages 

(iv) Fans with new stages were tested using 600 mm external diameter model. The test and 
theoretical (CFD) fan performance was compared with good results, consequently theoretical data 
relating to the aerodynamic performance of stage blading, inlet chamber and exhaust diffuser were 
used for the design optimisation of the complete fan  

(v) New stages allow optimising the design of modern axial flow fans in terms of production costs 
and achieving the maximum pressure gain and efficiency 

(vi) Our paper deals with the design example of flue gas fan with the diameter of 4.3 m and 
peripheral velocity of 168 m/s destined for brown coal power plant block with electric output of  
660 MW. Our design study showed that the original two-stage fan (hub/tip ratio 0.50) with standard 
moderate aerodynamic loading could be replaced by one-stage machine using new high pressure 
stage (notation A, hub/tip ratio 0.60, design pressure coefficient 0.83). Relatively small decrease in 
efficiency of 1.5 % to 1.8% was estimated. 

(vii) Efficiency of the full size one-stage fan at a nominal point was calculated with the use of the 
TU Darmstadt similarity method using the Reynolds number and relative roughness as similarity 
criteria on the basis of efficiency determined on modelled fan test data. Predicted prototype fan 
efficiency was higher by 6.0 % than for the modelled fan  

(viii) Theoretical and experimental research of the high pressure axial flow fans with high 
efficiency for new large output power station blocks should continue. Particularly, the decrease of 

 
Dt 

(mm) 

ut 

(m/s) 

Reu 

(1) 

Gas temperature 

t (o C) 

KR 

(µm) 

KS 

(µm) 

ηF 

(1) 

Model 600 56.5 2.2 x 106 18 5 6 0.834 

Prototype 4,300 168 2.4 x 107 180 15+ 25+ 0.894 
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energy losses in the inlet chamber and exhaust diffuser is highly desirable. The design of new stages 
with low hub/tip ratio (ν = 0.4 to 0.5) with good aerodynamic performance is also looked-for for the 
high volume flow fans 
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LIST OF SYMBOLS 
 
A    flow area                                                  η    efficiency  η = Q ∆pT/ (Mk ω) 
AR blade aspect ratio AR = h/c                      σ    cascade solidity   σ = c/s   
c     chord                                                        ϕ    flow coefficient  ϕ = Q/(A ut) 
DF  diffusion factor                                        ψ    pressure coefficient    ψ = 2  ∆pT /(ρ ut

2)        
       DF= 1-w2/w1+ ((wu1 - wu2)/2σ w1)          ω    angular velocity 
D    diameter                                                    ρ   density                                                                      
h     blade height                                                
K    roughness height                                       Indexes 
Mk  torque                                                        F    fan 
pT   total pressure                                             D   design, diffuser 
Q   volume flow rate                                        h, t  hub, tip 
r     radius                                                         IC   inlet chamber 
s     blade pitch                                                 M   model 
ut    peripheral velocity at casing                      R   rotor 
w   velocity                                                       S    stator 
Y   fan work Y = ∆pT/ρ                                   ST  stage (rotor + stator) 
z     coordinate normal to hub, blade number   u    peripheral 
ζ     loss  coefficient                                         1,2  inlet , outlet 
ν     hub/tip  ratio, kinematic viskosity  

 
Abbreviations 
BMCR boiler maximum continuous rating  
             fan operating point  
D          maximum flow rate fan operating point 
FGD     flue gas fan 
MFE     finite elements method 
SST      turbulence model [13]  


