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ABSTRACT 

Our paper describes the groundwork results of a study relating to the improvement of a high 

pressure centrifugal fan performance with the use of steady air injection at the inlet of two 

types impeller, namely with the forward and backward curved blades. Tests were carried out 

on a test rig with an external diameter of 400 mm. The maximum efficiency increase of 1.9% 

to 2.1% was observed in the fan with forward curved blades, if the air jet output was taken 

into account when carrying out the data analysis. Negative efficiency increment was observed 

within the Fan B working range. 
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INTRODUCTION 

 The active air flow control in turbocompressors is effectively used to increase their surge 

margin. Injecting steady and pulsating air flow into the aircraft engine axial compressor’s inlet 

plane shows promising results. Suder et al (2001) were able to model and provide evidence of the 

stabilising effect of injecting steady air flow to the compressor’s rotary blade tip. They link the 

higher injection momentum to the corresponding increase in the modelled compressor’s operating 

range; however higher air flow reduces compressor’s efficiency. Weigl et al.(1998) and Kefalakis 

and Papailiou (2006) works describe the use of the steady and pulsating air jets with the increase in 

the surge margin of approximately 10% if the air jet mass flow rate is around 1% of the 

compressor’s flow rate. The physical mechanism of this phenomenon has as yet not been 

sufficiently explained. Stabilisation with the use of the steady air flow injection was studied with 

positive results at the Institute of Jet Propulsion of the Bundeswehr University of Munich on the 

GAF 04C5 turbofan engine’s axial compressor (Stossel et al., 2014). 

Published research works on centrifugal compressors and industrial fans aerodynamics do not 

include any references to the use of air flow injection at the impeller inlet. Potential application of 

the air flow injection should be relatively simple and preferably be focused on the efficiency 

improvement. Our paper addresses both objectives, presenting the groundwork results acquired 

during tests on the high pressure centrifugal fan impeller having forward and backward curved 

blades. Tests were carried out at the AHT Energetics s.r.o. test facility. 

 

TEST RIG AND MEASUREMENT METHOD 

Tests on the high pressure centrifugal fan were carried out on a low speed fan 400 mm diameter 

test rig with variable speed drive built in accordance with ISO 5801 (2007) (Figs.1,2 and 3). Two 

centrifugal fans (A and B) had impellers mounted in identical spiral scrolls. Both impellers had the 

same number of blades z = 12, hub/tip ratio D1/D2 = 0.52 with a relative exit impeller width of b2/D2 

= 0.106. Impeller A had forward curved blades with the inlet blade angle of βL1= 30
o
 and the outlet  
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Figure 1:  Centrifugal fan 

Figure 2:  Test rig 

 

blade angle of βL2 = 134
o
. Impeller B had backward curved blades with the inlet blade angle of βL1= 

35
o 

and the outlet blade angle of βL2 = 45
o
 (Fig.3). The clearance between the rotating inlet part of 

the cover disc and stationary tubing had equal radial and axial gaps of 0.3 mm (Fig.1). 

Consequently, the seal leakage flow rate was practically zero, as it follows from the seal 

computation results. 

     The non-dimensional fan performance parameters are defined as follows: 
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Where: area is 4/
2

2DA  ; u2 is impeller peripheral velocity; ω is angular velocity; ρ is air density 

and Mk ω (P) is the fan input. Definitions are valid for incompressible flow. 

Fan total pressure increment is determined in accordance with ISO 5801 (2007): 
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The tilde above the pressure symbols denotes the average in the measuring plane. Average static 

pressures p̃s1 and p̃s3 were derived as an arithmetic mean from the four readings taken in the pressure 

tapping points located uniformly on the Plane 1 and Plane 2 perimeter. Also, the static pressures 

were measured in the test rig’s Plane 3 (Fig.2) and subsequently recalculated for conditions in the 

Plane 2 within the meaning of ISO 5801(2007). 

The volume air flow rate Q was measured with the use of standard orifice, with the relative 

accuracy of ±0.6%, located at the exit part of test rig. The torque Mk = mG.g.l (l denotes the stator 

arm length) was measured by weighing the dynamometer’s movable stator with the accuracy of 

±κmG = ±4 grams. The pressure difference ΔpT and speed n were determined with the accuracy of ±8 

Pa and ±2 1/min. The uncertainty of the fan maximum efficiency was calculated for the Fan A as 

±κη = ±0.6% and for the Fan B as ±κη= ±0.8% with the application of uncertainty analysis.  

           

 

 

 

 

 

 

 

 

 

 

                                                   Figure 3: Impellers A and B 

 

FAN A AND FAN B PERFORMANCE 

Fan A and Fan B aerodynamic performance tests were carried out at the speed of n = 2,600 

1/min; the Reynolds number Reu = u2 D2/ ν = 1.58 . 10
6
 (Cyrus et al, 2010). Comparison of the Fan 

A and Fan B relationships between the pressure coefficient and efficiency and the flow coefficient, 

which were acquired by measurement and calculated by using equations (1) to (6), is shown in 

Fig.5. Fan A maximum pressure coefficient ψmax = 1.45; this is higher than the Fan B maximum 

pressure coefficient ψmax= 1.12. The relatively high Fan A maximum pressure coefficient ψmax is 

related to the use of forward curved blades in the impeller. However, the maximum value of 
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efficiency of Fan A is lower, namely ηmax,A/ηmax,B = 0.813. Attained results correspond to the 

published results e.g. in publications by Bommes et al. (2002) and Frank et al. (2012). 

    From the above mentioned results it shows that the room for improvement in fan efficiency is 

greater in Fan A than in Fan B. 

 

 

Figure 4:  Fan A and Fan B aerodynamic performance graphs 

 

 

DESCRIPTION OF 3D FLOW IN IMPELLERS A AND B 

Concise simulation of the basic 3D flow mechanism in impellers A and B was carried out before 

commencing our test investigations. The stationary turbulent viscous flow simulation data were 

acquired by using the CFD method (NUMECA code). The fan’s turbulence flow models SST, 

Spallart and Allmaras (impeller and spiral scroll) were applied; the fan flow model had 4.5 million 

nodes. Interface with non-reflecting 1D notation was used to model the absolute flow in spiral 

casing and relative flow in impeller. 

The acquired results are compared at working points where the fan efficiency was close to its 

maximum, i.e. φ = 0.06. The difference in calculated and test efficiency for the Fan A Δηc-e,A = 

2.5% or for the Fan B Δηc-e,B =1.5% was acceptable. Fig. 5a and Fig.6a show the peripheral average 

entropy contours in the investigated impellers’ meridional plane. The relative flow entropy and 

relative velocity distributions in the plane perpendicular to the fan axis are also compared in Fig.5b, 

Fig.5c and Fig.6b, Fig.6c; the said plane divides the impeller channel width into two identical half 

widths.  

The flow in the impeller A with forward curved blades was mostly fully 3D and it showed 

unavoidable flow separation within the blades, particularly near the blades’ suction surface even at 

the maximum efficiency working point. High energy losses, demonstrated by the high entropy, 

occurred near the cover disc at the impeller inlet and also in the upper section of the impeller 

channel. Description of this flow mechanism may be found in works by Bommes et al. (2002), 

Frank et al. (2012) and Cyrus et al. (2010).  

The flow in impeller B with backward curved blades exhibited smaller regions of the separated 

flow on the blades’ suction side compared with the Fan A; consequently the entropy was 

significantly lower in the low velocity areas. Low energy flow areas predominantly occurred near 

the cover discs and increased, in both impellers, with decreasing fan flow coefficient. 
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Figure 5:  Entropy and relative velocity patterns in impeller A – φ = 0.06 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6:  Entropy and relative velocity patterns in impeller B – φ = 0.06 

(a) 

 (c) 

(b) 
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Thus it can be deduced from above described flow patterns that there is wider scope to improve 

the impeller A performance than impeller B by restricting the complex vortex flow using the air 

flow injection. 

 

    

     EVALUATION OF FAN PERFORMANCE UNDER THE AIR FLOW  

     INJECTION CONDITIONS 

The average total pressure at the impeller’s inlet was calculated using the following equation: 

)(~~~
1,11 tinTtTtT mmppmpm                                    (7) 

Where mt is the mass flow rate in injection tubing and m1 is the mass flow rate in the fan’s inlet 

ducting (Fig.2). The flow is considered as incompressible; and it holds that m = ρ Q. 

The total mass flow rate in the impeller inlet (location "in") may be calculated as the sum of m1 

and mt as its follows from the following equation:  

 min = mt + m1                                                                                        (8) 

Consequently, equation (7) may be rewritten as follows: 
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Where wt  

 is the injected air flow velocity at the tubing exit and w1b,in is the main fan air flow radial velocity 

on the "in" cylindrical surface. Flow areas Ain= A1 (Figs. 1 and 2) were identical with the 

corresponding equation: 

 

wt = mt/(ρAt ) and w1b,in = m1/(ρAin) , Ain=πD1b1     (10) 

 

Identical static pressure on the "in" cylindrical surface for the main fan air flow and within the 

injected air flow is assumed. 

    Fan’s total pressure difference is defined as ΔpT = inTT pp ,2
~~  , consequently equation for the 

efficiency taking into account the injected air flow into the impeller and the above derived 

equations is as follows: 
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    TEST CONDITIONS 

Air injection 6 mm/4 mm diameter tubing was inserted in the flow channel near the impeller 

blades’ inlet (Fig.1). During the fans’ tests the tubing exit was placed in 5 different locations on the 

inlet cylindrical surface   (notation "in") in the axial direction; three locations are shown in    Fig. 1.  

The single injection tube   axis lies in a vertical plane and is coaxial with the fan impeller axis. The 

peripheral angle between the tangent plane to scroll tongue and this vertical plane is 59
o
.  

Aerodynamic performance measurements of Fans A and B were carried out for speeds of n = 

2,600 1/min and 1,820 1/min. The injected air flow rate ranged from Qt = 1.1 . 10
-3

 m
3
/s to 3.2 . 10

-3
 

m
3
/s, theoretical velocities at the injection tubing exit ranging from wt = Qt/At = 88 m/s to 254 m/s 

and are presented in Table No.1 for 7 Test Regimes. The flow momentum mt wt and kinetic energy 

Et per time are also presented together with the relative values of these properties for the fan flow 

coefficient φ = 0.075. The injected volume flow rate Qt was measured by rotameter with the relative 

uncertainty of ± 2%. 
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   The effect of the flow injection at the fan inlet was evaluated on the basis of differences of the 

efficiency, with and without air flow injection, as defined by following equation: 

 

Δηi = ηi – η0;     Δηic = ηic – η0                              (12) 

 

                                      Δψi = ψi – ψ0                                                                                      (13) 

  Where the indexes: i – air flow injection; c – injected air flow energy taken into account in the data 

analysis; 0 – basic case without the air flow injection. Fan performance parameters ηi and ψi were 

calculated using equations (2) and (3) and property ηic  by using equation (11) . 

 

Table No.1: Injected air flow parameters  (mt/m1; mt wt/m1w1 - flow coefficient φ = 0.075) 

 

 

 

 

 

 

 

 

 

Test uncertainty in the above mentioned efficiency and pressure coefficient differences was 

decreased by using a special test procedure. Data readings for the specified flow rate injection Qt 

was followed by the data readings for the zero value of Qt = 0; fan efficiency measurement was 

repeated two times and the average values of Δηi and Δηic were calculated as the arithmetic average.  

Relative flow in any channel between the adjacent impeller blades was affected by the time 

dependent flow impulse with the frequencies of frev = 43.3 Hz and 30.3 Hz for n = 2,600 1/min and 

1,820 1/min. The air jet in the radial direction in the absolute system was transformed to the relative 

one in the impeller blading as shown for Fan A in Fig.11 in Appendix. The air jet relative velocity 

vectors w1i acted at a high negative incidence ii and seemingly decreased the air flow separation 

area near the inlet of suction part of blade (Figs. 5b, 6b). This phenomenon causes the fan efficiency 

increase.   

For completeness, it should be added that the relative flow in channels between neighbouring 

impeller blades is also periodically slightly affected by the spiral scroll tongue with the fan 

revolutions frequency frev in cases with and without the flow injection (Bommes et al, 2002). 

 

     FAN A TEST RESULTS 

Firstly, the influence of the injected air piping nozzle axial position on the efficiency difference 

Δηi was studied. For example, Fig.7 shows the comparison of 3 selected relationships between the 

efficiency difference Δηi and the fan flow coefficient φ for axial distances of x = 22 mm, 29 mm 

and 43 mm (x/b2 = 0.489, 0.644 and 0.956 - Fig.1)  at the injection air flow rate of Qt = 2.3 .10
-3 

m
3
/s (Table No.1, Test Regime 5). It can be observed that the injected air piping exit position x = 29 

mm is the best possible for the maximum increase in efficiency Δηi.  

 

 

 

Test 

Regime 
Qt.10

3
 (m

3
/s) wt (m/s) mt wt (N) Et (W) mt/m1 

mt 

wt/m1w1b,in 

1 1.10 88 0.116 5 0.0018 0.001 

2 1.38 110 0.183 10 0.0022 0.015 

3 1.65 131 0.259 17 0.0026 0.021 

4 1.94 154 0.359 33 0.0031 0.030 

5 2.30 183 0.504 46 0.0037 0.040 

6 2.80 222 0.853 82 0.0045 0.071 

7 3.20 254 0.975 123 0.0051 0.085 
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                Figure 7: Fan A – Effect of injection piping position on the efficiency increase;  

                                n = 2,6001/min 

                      

 

 

 

 

Figure 8: Fan A - Relationships between efficiency and pressure coefficient differences  

                and the flow coefficient (note: full symbols indicate that the injected air flow was 

                taken into account in the data analysis), x = 29 mm 
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     Figure 9: Fan A - Relationships between maximum efficiency increase and the relative  

                 injected mass flow and the relative momentum  of injected flow (note: full symbols  

                 indicate that injected air flow was taken into account in the data analysis) 

 

    

Figure 10:  Fan B - Relationships between efficiency and pressure coefficient differences  

                    and the flow coefficient (note: full symbols indicate that the injected air flow  

                    was taken into account in the data analysis), x = 43 mm 

 

 

The best possible tubing location (x = 29 mm, x/b2 = 0.644) for the air exit is Δx = 16 mm from 

the impeller’s cover disc, consequently the air jet impulse effectively restricts the vortex structures  
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near the cover disc and between the adjacent blades in the upper part of the impeller channel 

(Figs.5a,b and c).  

Fig. 8 shows graphs of relationships between the efficiency and pressure coefficient differences 

Δηi, Δηic and Δψi and the fan flow coefficient φ for 4 typical air volume flow rates Qt. It can be 

observed that the maximum efficiency differences Δηi, Δηic occur within the flow coefficient range 

of φ = 0.06 to 0.075 for all air volume flow rates (Table No.1). The values of  Δηi increase with the 

air volume flow rate Qt increase. Similar results were found for the pressure coefficient Δψi. 

Maximum difference Δηi,max = 4.2 % and Δψi,max= 0.034 was found for the maximum injection flow 

rate Qt= 2.8 . 10
-3

 m
3
/s.

 

Our objective was to achieve the maximum possible efficiency difference Δηic in relation to the 

injected air flow output. The maximum efficiency difference Δηic, max = 1.9% and 2.1% were found 

for the injected air volume flow rates of Qt = 1.65 .10
-3 

m
3
/s and 1.94 . 10

-3
 m

3
/s. Further increase of 

flow rate to Qt = 2.8 . 10
-3

 m
3
/s lead to the decrease of Δηic, max. At a relatively low air volume flow 

rates of Qt = 1.1 . 10
-3 

m
3
/s and 1.38 . 10

-3
 m

3
/s the efficiency difference decreased to Δηic, max = 

0.1% and 0.6%. It should be added, that the data presented in Fig.8  were acquired for the fan speed 

of n = 2,600 rev/min. 

We attempted to generalise the acquired results using speeds of n = 2,600 1/min and 1,820 

rev/min with the aid of non-dimensional parameters. Ratios of the air mass flow rates mt/m and 

momentum per time mt wt/m w1 were used as the similarity criteria as in the case of active air flow 

control in axial compressors presented in papers by Suder et al. (2001) and Kefalakis and Papailiou 

(2006). Generalised graphs for the difference Δηi, max and Δηic, max are presented in Fig.9 where the 

said similarity criteria were used. Points plotted for two different speeds have acceptable scatter, 

however it must be stressed that they only are related to the fan with the impeller A. 

   

     FAN B TEST RESULTS 

     Firstly, the effect of the injected air piping axial position on the efficiency difference Δηi was 

studied. The nozzle position with the axial distance of  x = 43 mm (x/b2 = 0.956) was found to be 

the most suitable. The air exited near the impeller cover disc where the high entropy area occurred 

(Fig.6a); the said area increased with the fan flow coefficient φ decrease. We will be discussing 

results for the fan speed of n = 2,600 rev/min only. Fig.10 shows graphs of relationships between 

the efficiency and pressure coefficient difference Δηi, Δηic and Δψi and the fan flow coefficient φ 

for two typical air flow rates of Qt =1.94 . 10
-3

 m
3
/s and 2.8 . 10

-3
 m

3
/s. 

The efficiency and pressure coefficient differences Δηi and Δψi increased with the increase of the 

air volume flow rate Qt, as they did for the Fan A. The maximum values of Δηi and Δψi increased 

with the decrease of the fan flow coefficient φ. Consequently, the air flow separation areas on the 

blades’ suction surfaces and near the cover disc at the impeller inlet increased, restricted by the 

injection of air. For the flow rate of Qt = 2.8 . 10
-3

 m
3
/s the maximum difference was found as 

Δηi,max = 6.5% and Δψi,max =  0.058. 

However, negative efficiency difference Δηic, was observed due to the injected air flow. 

Seemingly, the kinetic energy of injected air flow is not fully utilised to restrict the vortex flow 

area, which is smaller than in the case of Fan A. It can be concluded that the injected air had no 

positive effect on the Fan B performance.  

 

CONCLUSIONS 

Our paper describes the groundwork results of a study relating to the improvement of a high 

pressure centrifugal fan performance with the use of steady air injection at the inlet of two types 

impeller, i.e. with the forward (Fan A) and backward (Fan B) curved blades installed within the 

identical fan spiral volute. Single injection tube was used. Tests were carried out on a test rig with 

an external diameter of 400 mm built in accordance with ISO standards. Speed for both fans was set 

at 2,600 and 1,820 rev/min. Maximum pressure coefficients were 1.45 for the Fan A and 1.15 for 

the Fan B. High Fan A maximum pressure coefficient was attained owing to the use of the impeller 
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with forward curved blades. Fan A had 15% lower maximum efficiency than the Fan B. Equations 

for the fan performance  parameters that taken into account the air flow injection were derived. The 

key results may be summarized as follows: 

i) Analysis of the 3D flow mechanism in impellers was based on the flow simulation data. Fan 

A impeller had large areas of complex vortex flow due to the flow separation occurring in channels 

between the adjacent blades within the whole working range. Wide-ranging low energy areas 

occurred in the Fan B impeller only at a relatively low flow rates on the blades’ suction surface, 

particularly near the cover disc. 

ii) Injection piping air flow exit locations in the axial direction along the channel height were 

near the low energy area vortex (near the impeller inlet) found on the basis of the CFD data. 

iii) Air mass flow rate in injection tubing, related to the fan flow rate, varied within the range of 

0.1% to 0.5%. Relative flow in any channel between the adjacent impeller blades was affected by 

the time dependent injected flow impulse with the frequency of frev = 43.3 Hz and 30.3 Hz. 

iv) Fan efficiency and pressure coefficients increased with increased injected air flow rate 

restricting the low energy vortex systems. 

v) Improvement in the maximum fan efficiency was within the range of 1.9% to 2.1% when 

the injected air flow output was taken into account in the Fan A data analysis. However, this result 

is only valid in a restricted area of the injected air flow rate defined with the aid of similarity 

number-ratio of the injected momentum and the fan flow momentum. Negative efficiency 

increment was observed in the Fan B working range.  

vi) Acquired results shown that the improvement in the  fan performance by means of air 

injection shows promise in centrifugal fans fitted with the forward curved blades impeller. The fans 

of this type are frequently used in ventilation applications, such as cars, buildings. We recommend 

that further research using different air flow injection fan configurations should continue. 

Furthermore, in depth investigation of flow mechanism is also recommended. 
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     APPENDIX 

Unsteady relative flow at impeller  A  inlet 

 

Fan operating point: φ = 0,07,  n = 2600 1/min,  w1 = 35 m/s,  i = -2
o 

Flow injection:  wt =154 m/s (Table No.1), w1i = 157 m/s, ii = -79
o 

Incidence angle definition:   i = βL1 -  β1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       Figure 11: Relative velocity vectors at impeller A inlet  

 


